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GENERAL INTRODUCTION 
Amylose, an a-l->-4 linked D-glucan, has a tendency to form helical 
complexes with many organic or inorganic chemicals. These helical com­
plexes behave differently than free amylose, and play an important role 
in scientific study and practical use. For example, the amylose-tri-
iodide complex^ has been known for more than a century and a half; the 
deep blue color of the complex has led to its use as an indicator in 
iodine titrations. Formation of amylose complexes with dimethyl suIfox­
ide and potassium hydroxide has been commonly used as a method to dis­
solve otherwise insoluble amylose. The interaction of starch and fatty 
acids is believed to affect the texture of bakery products, and the 
grain fumigant, ethylene dibromide (EDB), may reside in grain products 
in a helical complex with starch. 
The helical complex of amylose with a collapsed helical structure, 
where the glucose residues in each turn of the helix are in contact with 
2 
glucose residues in adjacent turns, is called the amylose-V complex • 
The helical structure of the amylose-V complex was first reported in 
1943 by Rundle and French^ following X-ray crystallographic studies. 
Since then, many other amylose-V complexes also have been studied by 
X-ray crystallography and/or electron microscopy. It has been suggested 
4-7 
that there are different diameters of amylose-V complexes, e.g., six , 
seven^ and eight^^ D-glucose residues per turn. However, because 
the X-ray diffraction patterns of amylose-V complexes, especially the 
fiber patterns, can be ambiguous, reports of the helix diameters are 
controversial. A different approach is necessary to confirm the repor­
2  
ted diameters. Electron-microscopic studies^'^'^^ show that amylose-V 
complexes with alcohols form crystalline lamellae in which helical seg­
ments, !0 nm in length, are stacked, so that the amorphous folding 
regions between helices are on the surfaces of the lamellae. a-Amy-
lases, which are endohydrolases, were used in the present study to 
hydrolyze several lamellar amylose-V complexes. It was found that the 
a-amylases hydrolyze the amorphous folding regions, leaving the stacked 
helices in the interior of the lamellae intact. These amy1ase-resistant 
fragments were isolated and the chain lengths were analyzed to calculate 
the correct diameters of the helices. The same experiment was also 
conducted on retrograded amylose, which has been reported to have essen-
2 
tially the same double-helical structure as native B-starch , to study 
its structure. Using a-amylases to hydrolyze amylose-V complexes and 
retrograded amylose, it is, thus, possible to prepare amylodextrins with 
different degrees of polymerization and with relatively narrow size dis­
tributions. 
X-Ray crystallography and electron microscopy can be used only to 
study the crystalline forms of the amylose-V complex. Heretofore, there 
has not been any known method for directly studying the structure of 
amylose-V complexes in solution. The formation of an amylose-V complex 
involves a conformational change, from random coil to helix. This 
conformational transition consists of changes in the torsion angles at 
the glycosidic linkages. These changes should result in altered local 
electron environments about the a-l-M glycosidic linkages of the amylose 
chain, and should be observable as chemical-shift changes in the nuclear 
3  
magnetic resonance (n.m.r.) spectrum upon complex formation. During the 
course of this study an attempt to use ^H-n.m.r. was made, but the fast 
exchange of the amylose hydroxy! protons with solvent protons makes the 
hydroxy! proton signals invisible. The broad carbon-hydrogen proton 
signals of the glucose rings, some of which overlap with the water 
proton signal, further limits the usefulness of proton n.m.r. for the 
study of amylose conformational changes. '^C-N.m.r., on the other hand, 
was found to be a good probe for the conformational changes that occur 
with the formation of amylose-V complexs, and may in addition help us 
understand more about the conformation of free amylose in solution. 
Explanation of dissertation fomat 
The experimental work described in this dissertation is presented 
in two sections, each of which is an individual paper which has been 
accepted or has been submitted for publication. In both sections, the 
work was performed entirely by myself, under the guidance of my major 
professor. Dr. John F. Robyt. Both manuscripts were prepared by myself, 
with assistance from Dr. Robyt and other colleagues in editing and 
making appropriate revisions when necessary. 
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LITERATURE REVIEW 
wnviose; separation, physical properties, and conformation 
1 2  
Starch contains two major components: amylose and amylopectin . 
Amylose is a mixture of linear polymers, and amylopectin is a mixture of 
highly branched polymers. A quantitative separation of the two compo-
13-15 
nents was first developed by Schoch and his colleagues , using 
various alcohols to selectively precipitate the amylose fraction. Hy­
drophobic^^ and other chemicals^^ were later also found to form helical 
complexes with amylose and to precipitate the amylose component from 
starch. The purity of the fractionated amylose has been determined by a 
differential potentiometric iodjne titration based on the fact 
that amylose can bind 207. of its own weight of iodine, and amylopectin 
binds considerably less iodine. 
Amylose, an a-l->-4 linked, linear D-glucan, is distinguished from 
amylopectin by several properties including (1) higher digestibility 
with B-amylase, (2) lower molecular weight (the molecule contains a few 
hundred to one thousand D-glucose residues with only one non-reducing 
end group per molecule, in contrast with amylopectin which has several 
thousand glucose residues per molecule), (3) pure deep blue color with 
tri iodide, (4) absorption of large amounts of iodine isopotential1y in 
potentiometric titration, (5) practically complete crystallizability 
with n-butyl alcohol or other complexing agents, (6) complete adsorption 
on cellulose, and (7) higher intrinsic viscosity and lower solution 
stability in water^^. 
5 
The conformation of amylose in aqueous solution has been proposed 
to be a random coil , an interrupted helix , and a deformed 
31-35 helix . The random coil conformation of amylose in solution indi­
cates the complete absence of tertiary structure; the arrangement of 
successive D-glucosyl units is random within the constraints placed upon 
the system by the skeletal parameters (such as fixed bond angles and 
restricted rotation about glycosidic bonds). The interrupted helix 
proposed by Hollo and Szejtli^^ is composed of long helical sections, 
each containing approximately 120 D-glucose residues, with short random-
coil regions between the helices. The deformed helix proposed by Rao 
and Foster^' places all D-glucosyl residues in a continuous helix 
whose central axis is flexible. 
Amy1ose-V complexes 
When a complexing agent is added to an aqueous solution of amylose, 
the amyiose molecules bind the complexing agent, either by hydrophobic 
interaction or by hydrogen bonding. Amyiose forms crystalline helical 
complexes with triiodide^'^^ dimethylsulfoxide^^ lipids^^'^^, 
n-butyl alcohol* 7,36^ t-butyl alcohol®"^, aliphatic ketones^^, a-naph-
thol^^, and other chemicals, whose X-ray diffraction patterns indicate a 
common structure. Characteristic X-ray diffraction patterns have been 
obtained for crystals of all these complexes, which are collectively 
called amylose-V complexes, in which each turn of the helix is in con­
tact with the adjacent turns^. Potassium hydroxide^^ and potassium 
6  
bromide^^'^^, on the other hand, form extended helices with amylose^, in 
which each turn of the helix is separated from the adjacent turns. 
Three different helical diameters for amylose-V complexes have been 
reported from X-ray studies, i.e., helicies having six, seven, and eight 
D-glucose residues per turn. Straight-chain complexing agents, such as 
n-butyl alcohol^ 7,36^ tri iodide^and fatty acidsgive 
amylose-V complexes of six D-glucose residues per turn, with a diameter 
of 1.3-1.37 nm; branched-chain eomplexîng agents, such as t-butyl alco-
hol^'^, and halogenated alkanes, such as tetrach1oroethane^^, give com­
plexes of seven D-glucose residues per turn, with a diameter of 1.47 nm; 
and an even bulkier compound, a-naphthol, was reported to form an amyl-
ose complex with eight D-glucose residues per turn, with a diameter of 
1.62 nm. 
Electron-microscopic studies have shown that amylose-alcohol com-
4,5 -9 
pi exes, such as those containing n-butyl alcohol , t-butyl alcohol , 
9 5 II isopropyl alcohol , methyl alcohol , and a-naphthol , were crystals 
with a lamellar structure. When these are dispersed in methanol with 
vigorous stirring, the complexing agents exchange with methanol, pro­
ducing cracks in the lamellar structure of the crystal which are obser­
vable by electron microscopy, and are believed to result from local 
9 
changes in the diameter of the helices . 
The amylose-triiodide complex, which has a characteristic blue 
color, has been studied by circular dichroism^^ spectrophotom­
etry^^ Raman spectrometry^^viscometry^^, electron microscopy^^, 
and infrared spectrometry^^Spectrophotometric studies have shown a 
7 
linear relationship between the wavelength of maximum absorbance by the 
amylose-triiodide complex and the amylose chain length^^ Spectro-
photometric^^ and circular dichroism^^'^^ studies also suggested that 
there is a break in the linear relationship at about a degree of polym­
erization (d.p.) of 100 glucose residues in the amylose chain. Szejtli 
et alproposed that helical segments containing 100-120 D-glucose 
residues were connected by random segments. Below d.p. 100-120, the 
molecule consists of only a single, relatively stiff helix. Electron-
72 
microscopic studies showed that the amylose-triiodide complex has a 
rod-like structure with a diameter of 4.0 nm. The length of the rod is 
proportional to the molecular size, corresponding to one-fifth to one-
seventh the calculated length, that would exist for a single continuous 
helix. A mathematical model of amylose-triiodide binding was developed 
by Cesaro sL A linear polyiodide chain complexed in the axial 
channels of stacked a-cyclodextrin molecules also has been used as a 
model for the starch-tri iodide complex^^. The helix-coil transition of 
the amysose-triiodide complex with increasing temperature was studied by 
Kuman and Beneyee^^, who found that the temperature of the helix-coil 
transition depends on the concentrations of amylose and tri iodide. 
Moulik and Gupta^® found that at low concentrations of tri iodide, the 
amylose-triiodide complex was unstable, and iodine could be easily 
extracted from the complex by organic solvents. But, as the concentra­
tion of tri iodide was increased up to 707. of saturation, the complex 
became much more stable, and iodine could no longer be extracted by 
benzene. Schneider et aland Cronan and Schneider^^ reported that 
8  
the binding of tri iodide with amy I ose was mildly cooperative. Solvent 
effects on the starch-triiodide complex formation were studied by Smith 
77 78 
and Smith and by Moulik and Gupta . They reported that in the pres­
ence of N-methylacetamide, methanol, ethanol, dimethyl sulfoxide, and 
other organic solvents, a minimum amount of water was required to give 
the blue color of the amy1ose-triiodide complex. Lacking a spectropho-
tometric method for detecting amylose complexes with the organic sol­
vents, these authors attributed the absence of blue color at low water 
concentrations to stabilization of an amylose random coil by the sol­
vents. From recent studies in this laboratory and others, we believe 
that the effect is due to a competition between tri iodide and the sol­
vents, which are able to form helical complexes with amylose. 
Iodine, acting as a Lewis acid, can attract a lone electron pair on 
the oxygen of an alcohol hydroxyl group, leading to release of the hyd­
roxy! proton^^"®^. It is proposed that this type of interaction, be­
tween added iodine and the hydroxyl groups of amylose in DMSO solution, 
is responsible for the observed loss of the hydroxy! proton signals of 
amylose in ^H-n.m.r. spectra. 
Amylose-fatty acid complexes in starch granules and in solution 
were physically characterized by Bui pin et al.^^ A differential scan­
ning calorimeter thermogram of maize starch exhibited two endothermic 
transitions at 62-81°C and 93-109°C. ^H-N.m.r. spectra of amylose and 
an amylose-paImitate complex*^, obtained at 45°C, showed broadened sig­
nals, due to the loss of some mobility of amylose upon complex forma­
tion. However, at 90°C, no signal broadening was observed, which the 
9  
authors attributed to the absence of a complex. A dramatic change in 
optical rotation was also reported during complex formation, in which 
186 ± 5 was found for amylose in free solution and 100 ± 5 was found for 
the amylose-palmitate complex^^- Digestibility of amylose-lipid com-
82 
pi exes in Vitro and in vivo was studied by Holm ei. al. and they 
reported that amylose complexed with lysolecithin and oleic acid dis­
played a substantially reduced susceptibility to a-amylase hydrolysis. 
Relationship of starch structure and retrograded amylose structure 
2 
Starch may be divided into two types, A and B, on the basis of 
X-ray diffraction patterns. Type A-starch is generally found for the 
cereal starches such as maize, rice, and wheat and type B-starch is 
generally found for the tuber, fruit, and stem starches such as potato, 
canna, and banana. A-type starch apparently differs from B-type starch 
2 by a lower degree of hydration. The X-ray diffraction patterns show a 
helical repeat spacing of l.OSnm,®^ which represents the repeat 
distance for three D-glucopyranosyl residues arranged in a right-handed, 
para 1 lei-stranded double helix. There is an approximate twofold axis of 
symmetry at the helix axis so that the repeat distance (Z.lnm) along a 
single helical strand corresponds to six D-glucopyranosyl residues. 
Retrograded amylose is amylose which precipitates from solutions of 
concentrations greater than 1 mg/ml or from solutions of lower concen­
trations kept at 5°C or less. X-Ray powder patterns suggest that retro-
83 
graded amylose has a structure very similar to B-type starch. It, 
thus, suggests that retrograded amylose also exists as a double-stranded 
1 0  
helix. This is in contrast to the amylose-V complex which is a single 
helix and has a X-ray diffraction pattern that is quite distinct from 
2 
the X-ray patterns of B-type starch and retrograded amylose. 
2 Further arguments for a double-stranded helical structure as op­
posed to a single-stranded helical structure for A and B-type starches 
and retrograded amylose are: (1) a single-stranded helix would be expec­
ted to collapse to a V-type X-ray pattern upon dehydration, (2) a 
single-stranded helix would stain blue with tri iodide, and (3) a single-
stranded helix would be soluble in water. All three of these features 
are not found for A and B-type starches and retrograded amylose. 
g-Amylases 
a-Amylases are endohydrolases, produced by a wide variety of life 
89 
types : mammals (e.g.. pancreatic and salivary a-amylases), plants 
(e.g., malt a-amylase), and microorganisms (e.g., fungal and bacterial 
a-amylases). Three enzymes that were used in the present studies were 
human salivary a-amylase, porcine pancreatic a-amylase, and Bac il lus 
subti1is var. amvloliguefaciens (hereinafter designated Baci1 lus sub­
til is) a-amylase. Purification and crystallization of these enzymes 
90 91 
were developed by Fischer and his colleagues ' 
Human salivary a-amylase is a glycoprotein with a molecular weight 
92 
of 45,000 daltons, and has five sub-binding sites . Its optimal pH is 
6.9-7.0"'^""', Porcine pancreatic a-amylase has a molecular weight of 
about 50,000 daltons. Most structural work on this enzyme suggests that 
QQ 94 95 94 
it is a dimer ' ' , linked by disulfide bonds or by weaker noncova-
1 1  
9 5  lent interactions • Cozzone and co-workers, who have extensively 
studied the structure of this enzyme^^ have proposed a monomeric 
structure containing about 470 amino acid residues, with an N-acety1 
group at the amino terminus^^. Porcine pancreatic a-amylase exists as 
two isozymes, I and which have identical activity, molecular 
weight, and terminal amino acid residues, and amino acid conripositions 
98 
differing only in the number of asparagine or aspartic acid residues • 
Porcine pancreatic a-amylase is known to contain L-fucose, D-galactose, 
D-mannose, 0-glucosamine, and sialic acid linked in a glycoprotein 
structureLoyter and Schramm demonstrated that porcine pancreatic 
95 
a-amylase has two substrate binding sites . 
Bac il lus subt il is a-amylase is a tetramer with a molecular weight 
of 95,000 daltons'^^ • Besides calcium, it contains one gram-atom of 
zinc per tetramer. The removal of zinc produces a dimeric form that has 
a molecular weight of 48,000. The tetramer can dissociate to monomers 
of 24,000 or aggregate to form oligomers of several hundred thousand 
daltons. These forms retain activity to different extents. The enzyme 
has nine sub-binding sites^^^. 
All three of these enzymes require calcium ion for stability. 
Human salivary and porcine pancreatic a-amylases also need chloride ion 
1 flQ 
as an allosteric activator . 
Multiple attack of human salivary and porcine pancreatic a-amylases 
was demonstrated by Abdul lat et al.and Robyt and French^ 
Porcine pancreatic a-amylase action on oligosaccharides with branch 
points was studied by Kainuma and French^ 
1 2  
13 Ç Nuclear magnetic resonance spectroscopy 
^^C-Nuclear magnetic resonance studies of carbohydrates have been 
reviewed^ 
'^C-N.m.r. spectra of monosaccharides'^'^ and oligosaccha­
rides'^^ have been studied and the resonance of each carbon as-
125 
signed. Usui et al. have found that an anomeric carbon in the 8-con-
figuration is shifted downfield by about 3.9 ppm from that of the a-form 
120 
except in the case of l->-2 linked D-glucobioses. Dorman and Roberts 
showed that methyl ation of a hydroxyl group effected an 8-11 ppm down-
field shift in the resonance of the attached carbon atom. Methyl at ion 
of a specific carbon was used to assign each carbon resonance of D-glu-
125 120 
cose and other sugars . Dorman and Roberts observed that, for 
methyl g-maltoside in alkaline solutions, the shifts of some carbons 
were displaced downfield relative to their positions in neutral solu­
tion, while other carbon signals were not. They suggested that this 
effect was due to a conformational change. '^C-N.m.r. spectra of a-cy-
1oo 1nc 197 Ipo 1pg 
clodextrins ' ' , g-cyclodextrins , and Y-cyclodextrins show 
six resonances, slightly different at each carbon from one cyclodextrin 
to the next. The spectra of their peracetates were also studied'^^. 
'^C-N.m.r. studies of starch or amylose have been restricted by signal 
broadening and low solubi1ity'^^. Usui et al. reported '^C-n.m.r. 
125 
spectra of the amylopectin g-limit déxtrin . St. Jacques and his 
co-workers studied ^H-n.m.r. spectra of amylose and model compounds in 
1 3  
dimethyl sulfoxide solution^^^. Many ^^C-n.m.r. spectra of amylose have 
127 been obtained in both neutral and alkaline solutions . Colson and 
127 
co-workers reported that conformational differences among D-glucans 
with different structures, such as cyclodextrins and linear amylodextrin 
molecules, were revealed either by small chemical shift differences 
relative to homo-D-glucans, or by a small splitting of the carbon reson-
1 73 
ances. Dorman and Roberts attributed the downfield shifts of carbons 
1 and 4 of amylose in alkaline solution to the disruption of the helical 
structure, which they believed to be a transition from the presumed 
helical structure of aqueous amylose at neutral pH to a random-coil 
132 
structure in alkaline solution. Frieholin et al. studied the 
^^C-n.m.r. spectra of malto- and isoma1 tooligosaccharides, amylose, and 
dextran. They observed that in both series of oligosaccharides and 
polysaccharides, the resonances of the central D-glucose residues are 
independent of the chain length with the exception of carbons 1 and 4 of 
amylose, which showed deviations of 0.4 and 0.5 ppm, respectively. 
These small effects were explained by a definite polysaccharide chain 
conformation in solution. Alkali-induced conformational change was also 
1 133 
found in glycosaminog1 yeans by H-n.m.r. studies 
Two-dimensional n.m.r. has been found to be a good approach to 
resonance signal assignment. Coupling constants in oligosaccha­
rides were measured by two-dimensional ^^C-n.m.r. spectroscopy 
135 
Morris and Hall used chemical shift correlation maps from heteronu-
clear two-dimensional n.m.r. to assign ^^C and chemical shifts of 
a-D-glucopyranose oligomers. 
1 4  
Interaction between glycopeptides and Cd^^ or Mn*^ were studied by 
Dill and co-workers using ^^C-n.m.r.The conformational change 
of L-proline oligomers upon addition of lithium and calcium salts, was 
revealed by the downfield shifts of carbon resonance signals^^®' 
1 5  
SECTION I 
STRUCTURE STUDIES OF AMYLOSE-V COMPLEXES 
AND RETROGRADED AMYLOSE BY ACTION OF a-AMYLASES 
AND A NEW METHOD OF PREPARING AMYLODEXTRINS 
Jay-lin Jane and John F. Kobyt 
Department of Biochemistry and Biophysics 
Iowa State University, Ames, IA 50011 
15  
ABSTRACT 
Human salivary, porcine pancreatic, and Baci1 lus subti1is 
a-amylases were used to study the structure of amylose-V complexes 
(amy1ose-n-butyl alcohol, -t-butyl alcohol, -tetrachloroethane, and 
-a-naphthol complexes) and retrograded amylose. a-Amylase hydrolyzes 
the amorphous folding areas on the surfaces of the lamella of packed 
helices with the formation of resistant amylodextrin fragments. Their 
degree of polymerization (d.p.) corresponds to the diameter of the 
helices and the folding length of the chain. The resistant fragments 
were fractionated on a column of Bio-Gel A-0.5m. Gel filtration of 
human salivary and porcine pancreatic a-amylase hydrolyzates gave resis­
tant fragments whose peak fractions, i.e.. the three pooled fractions 
from the gel filtration column with the highest amount of carbohydrate, 
had a d.p. of 75 ± 4 for the amy1ose-n-butyl alcohol complex, 90 ± 3 for 
the t-butyl alcohol and tetrachloroethane complexes, and 123 ± 2 for the 
a-naphthol complex. These d.p. values correspond to helices of six 
residues per turn with a folding length of 10 nm, seven residues per 
turn with a folding length of 10 nm, and eight residues per turn with a 
folding length of 12 nm (or nine residues per turn with a folding length 
of 10 nm), respectively. 
Acid hydrolysis of retrograded amylose gave a resistant fragment 
with an average d.p. of 32, human salivary and porcine pancreatic 
a-amylases gave a resistant fragment of d.p. 43, and Bac il lus subti1is 
a-amylase gave a résistant fragment of d.p. 50. A structure for retro­
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graded amylose is proposed in which there are crystalline double-helical 
regions of 10 nm in length interspersed with amorphous regions. The 
amorphous regions are hydrolyzed by acid and a-amylases, leaving the 
crystalline regions intact. The differences in the sizes of the resis­
tant amylodextrins depend on the differences in the specificities of the 
hydrolyzing agents; acid hydrolyzes right up to the edge of the crystal­
line region, whereas the a-amylases hydrolyze up to some D-glucose 
residues away from the crystalline region leaving "stubs" on the ends of 
the amylodextrins whose sizes are dependent on the sizes of the binding 
sites of the individual a-amylases. 
The amylodextrins resulting from the hydrolysis of the different 
amylose complexes by the different a-amylases and from the hydrolysis of 
retrograded amylose by acid and a-amylases give a new method of prepar­
ing amylodextrins of different average chain lengths with a relatively 
narrow molecular weight distribution in yields of 45 to 65 percent. 
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INTRODUCTION 
It has been known for more than a century and a half that amyiose 
interacts with iodine-iodide to give a blue complex^. Amyiose also 
forms helical complexes with many other organic and inorganic chemicals, 
with the complexing agent in the center of the amyiose helix; these are 
2-4 known as amylose-V complexes . The formation of an amylose-V complex 
with n-butyl alcohol or other complexing agents is the most common1 y 
used method of separating amyiose from amylopectin^'^. 
Most structural studies of amylose-V complexes have been done using 
X-ray crystallography^ and/or electron microscopy"^'®' 
X-Ray diffraction data indicate that straight-chain complexing agents 
(e.g.. n-butyl alcohol) form helices with six D-glucose residues per 
turn^"^'^'®» branched chain or halogenated alkyl compounds (e.g., t-bu-
tyl alcohol, tetrach1oroethane) form helices of seven D-glucose residues 
9-12 per turn , and even bulkier molecules (e.g., a-naphthol) form helices 
with eight D-glucose residues per turn^^. Electron microscopic studies 
indicated that these amylose-V complexes form lamella-like crystals, 
8 12 13 
with lamellar folding lengths of about 10 nm ' ' for all three of the 
amyiose helices. 
We have studied the action of various a-amylases on several amyl­
ose-V complexes and on retrograded amyiose and report on the nature of 
the products, the use of ct-amylase hydrolysis to analyze the structures 
of the complexes, and a new method to obtain amylodextrins of different 
sizes with a relatively narrow molecular-weight distribution. 
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MATERIALS AND METHODS 
Enzymes 
Porcine pancreatic ot-amylase was purchased from Boehringer Mannheim 
(Los Angeles, CA) and used without further treatment. Human salivary 
and Bac il lus subt il is ver. amy1o1i guefac i ens (hereinafter designated 
Baci1 lus subtilis) a-amylases were crystallized according to the methods 
14 
of Fischer and Stein • 
Enzyme assay 
The amylases were assayed by measuring the increase in the reducing 
value of a starch digest. The amount of reducing sugar was determined 
with an alkaline ferricyanide - cyanide reagent^^ (0.5 g potassium fer-
ricyanide, 5 g potassium cyanide, and 20 g sodium carbonate dissolved in 
I L of water) by measuring the decrease in the ferricyanide color at 
420 nm. Maltose at various concentrations (10-200 ug/mL) was used as a 
standard. Five mL of enzyme was added to 5 mL of buffered soluble 
starch (5 mg/mL, 20 mM buffer), and 1-mL aliquots, taken at various 
times, were added to 5 mL of ferricyanide reagent, which was placed into 
a boiling water bath for 10 min and cooled, and the decrease in the 
ferricyanide color was measured. One unit of enzyme was defined as the 
amount of enzyme required to hydrolyze 1 umol of glycosidic bonds per 
min. 
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Determination of the degree of polymerization (d.p.) of amylodextrin 
Total carbohydrate was determined by the orcinol-sulfuric acid 
method^^. Reducing value was determined by the alkaline ferricyanide 
method^Maltose was used as a standard in both analyses, d.p. was 
calculated as: 
Total carbohydrate (ug) x 2 
"P" ~ Reducing sugar (as yg maltose) 
Thin-layer chromatography 
Ascending thin-layer chromatography was carried out on Whatman K5F 
silica gel plates or Analtech HETLC-GHL plates by using one to three 
ascents of acetonitrile - water, 4:1 (v/v). 
Column chromatography of reaction digests 
A column of Bio-Gel A-0.5m (1.5 x 30 cm or 2 x 100 cm) was used to 
resolve high- and low-molecular-weight products by using 0.02% sodium 
azide as eluant. The fractions were analyzed for carbohydrate .by the 
orcinol-sulfuric acid method. The amylose-complex hydrolyzates were 
analyzed in two ways: (a) the peak fractions, i.e., the three fractions 
having the maximum amount of carbohydrate in the amylodextrin peak, were 
pooled and the d.p. determined and designated as peak d.p., and (b) all 
of the fractions containing carbohydrate in the amylodextrin peak were 
pooled and the d.p. determined. The amylodextrin fractions of the 
retrograded-amylose hydrolyzates were pooled and the d.p. determined. 
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Preparation of amylose 
Native amylose (d.p. « 1000) was prepared from potato starch by the 
method of Schoch^ and crystallized three times before use. 
Preparation of amylose-V complexes 
Three hundred mg of amylose was dissolved in 10 mL dimethyl sul­
foxide and diluted to 300 mL with distilled water. The solutions were 
heated to 95°C, and one of the following complexing agents was added: 
n-butyl alcohol, to 15% (v/v); t-butyl alcohol, to 30% (v/v); tetra-
chloroethane, 1.5 g per 300 mL amylose solution; and a-naphthol, I g per 
300 mL amylose solution. Each mixture was then placed in a Dewar flask 
filled with boiling water and stoppered. After approximately 35 h, the 
solution had cooled to room temperature. During cooling, the complex 
precipitated. The mixture of complex and supernatant was kept at room 
temperature for another 48 h. The mixture was then centrifuged at 9000 
X g for 1 h at 5°C. 
Enzyme digests of amylose-V conplexes 
The complex was weighed and divided into three equal parts for 
a-amylase digestion. Suspensions of each complex, containing about 
100 mg of amylose, were prepared in 5 mL of buffer, which had been 
premixed with the appropriate complexing agent: 5% (v/v) n-butyl alco-
hoi; 107, (v/v) t-butyl alcohol; and saturated tetrach1oroethane and 
a-naphthol. 
Five units of one of the three a-amylases was added to each amyl-
ose-V complex suspension. Enzyme reactions were carried out at 25° with 
constant stirring for 5-10 conversion periods (one conversion period 
equals the amount of time required to completely convert amylose to 
maltodextrin products). Aliquots were analyzed by TLC and column 
chromatography at various times to determine the extent of hydrolysis. 
When hydrolysis was complete, 8 volumes of ethanol was added to the 
digests to stop enzyme reaction and precipitate the amy1ase-resistant 
fragments. The precipitate was centrifuged, and the pellet was suspen­
ded in dimethyl sulfoxide, followed by heating in an oil bath at 
110-120°C for 10 min to ensure complete denaturation of the amylase and 
to dissolve the amy1ase-resistant fraction. 
Preparation of retrograded amylose 
Amylose solution (3.5 mg/mL) was kept in a refrigerator for one to 
two weeks until rétrogradation and precipitation were complete. The 
retrograded amylose was centrifuged at 9000 x a for 1 h at 5°C, and the 
supernatant was discarded. 
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Enzyme digests of retrograded amylose 
V 
Reaction conditions were identical to those used for the enzyme 
digests of the amylose-V complexes. Buffers, however, were not mixed 
with complexing agents, and the reaction was stopped by heating in an 
oil bath at 110-120° for 10 min. The mixture was then taken to dryness, 
dissolved in 100-500 uL of dimethy1 su1 foxide, and diluted with water to 
a final concentration of 17. carbohydrate. 
Acid hydrolysis of retrograded amylose 
Retrograded amylose was suspended in 16% (v/v) sulfuric acid at 
25°C. The reaction mixture was shaken by hand every day. Aliquots were 
taken at various times and centrifuged. The pellet of the resistant 
fraction was collected and washed with water until free of acid. The 
pellet was dissolved in a minimum volume of dimethyl sulfoxide and 
diluted with water. O.p. of the resistant fraction was determined by 
the method described before. 
X-Ray diffraction studies 
Amylose-V complexes were deposited onto Whatman No. 52 filter paper 
(150 mg amylose per 1.5-cm circle) by gravity filtration to yield a 1-mm 
thick film for X-ray diffraction. The films of the n-butyl alcohol and 
t-butyl alcohol complexes were rinsed with the respective alcohols; that 
of the a-naphthol complex was not rinsed. 
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RESULTS 
X-Ray diffraction studies were conducted to examine the helical 
2 
structure of the amylose complexes. Sin 6 was calculated from each of 
the lines (data not shown). The results were in agreement with the data 
of Mikus et alZaslow^^, Simpson et al.^ ^, and Yamashita and co-work-
Q 12 13 
ers ' ' , indicating that the complexes were indeed helical, with the 
expected number of D-glucose residues per turn of the helix. 
At the end of enzyme hydrolysis, approximately 5 to 10 conversion 
periods, the hydrolysates were analyzed by TLC. The results, shown in 
Fig. 1, indicate that major products of porcine pancreatic a-amylase^^ 
and human salivary a-amylase were maltose, maltotriose, and a resis­
tant amylodextrin, which remained at the origin. The products from the 
Bac il lus subti1 is a-amylase hydrolysate consisted of a series of malto-
dextrins, including large amounts of maltotriose, maltopentaose, malto-
19 hexaose, and a resistant amylodextrin . When amylose, as a control, 
was subjected to a-amylase hydrolysis under the same conditions, all of 
the amylose was converted to maltodextrins long before 5 conversion 
periods (data not shown). 
The Bio-Gel A-0.5m elut ion profiles (Fig. 2) of the ethanol-precip­
itated products gave three peaks: one small peak at the void volume, a 
large peak of amylodextrins, and a medium-size peak of maltodextrins 
near the included volume. The supernatant of the alcohol-digest mixture 
was also examined by column chromatography; no polysaccharide or amylo­
dextrin was found. 
Figure 1. Thin-layer chromatogratn of products from a-amy1ase action on 
amylose-V complexes. Three ascents in acetonitrile - water, 
4:1 (v/v), at 25°C. Maltooligosaccharides were used as stan­
dards (OS). The amylose-V complexes used in these experi­
ments are amylose-n-butyl alcohol, amylose-t-butyl alcohol, 
and amy1ose-a-naphtho1 complexes. The a-amylases used in­
cluded human salivary a-amylase (H), porcine pancreatic 
a-amylase (P), and Baci1 lus subti1is a-amvlase (B). Enzyme 
digests were run at room temperature with mechanical stir­
ring. Aliquots {10 uD were taken at the end of five conver­
sion periods 
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Figure 2. Bio-Gel A-0.5m chromatography of porcine pancreatic a-amylase 
hydrolyzates of amylose-V complexes. 
(A) Hydrolysate of amylose-n-butyl alcohol complex. 
(B) Hydrolysate of amylose-t-butyl alcohol complex. 
(C) Hydrolysate of amy1ose-a-naphtho1 complex. 
Enzyme activity was stopped after 10 conversion periods by 
adding 8 volumes of ethanol. 
The column was 2.5 x 90 cm, with 0.02% sodium azide eluant at 
25°; void volume = 80 mL, and included volume = 215 mL. The 
broken lines indicate the fractions that were pooled for the 
measurement of the peak d.p. values 
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When enzyme hydrolysates were heated directly in a boiling water 
bath (98°C), enzyme activity was not immediately stopped. The elution 
profiles of these samples showed that the peak of resistant amylodextrin 
was shifted toward lower molecular weights for the porcine pancreatic 
and human salivary a-amylase hydrolysates, and the peak of the resistant 
fraction merged into that of the maltodextrins for the Baci1 lus subt il is 
a-amylase hydrolysate (see Fig. 3). 
In another experiment, the hydrolysis of the amylose complex by 
a-amylases was immediately stopped by addition of 8 volumes of ethanol 
after different lengths of time. It was found that the yield of resis­
tant fragments was reduced with time, but the size of the resistant 
fragments did not change. The amylodextrin peak remained at the same 
place on the Bio-Gel A-0.5m elution profile (see Fig. 4). 
Molecular sizes of the resistant fractions were determined by 
total-carbohydrate and reducing-value measurements and also by cali­
brated gel-permeation column chromatography. Three fractions (5 mL 
each) containing the maximum amount of carbohydrate in the peak were 
combined and concentrated to 3 mL, and the amylodextrin was precipitated 
with excess ethanol (see Fig. 2). The precipitated amylodextrin was 
then redissolved in a minimum volume of dimethyl sulfoxide and diluted 
with water. The peak d.p.'s of the resistant fractions from the dif­
ferent amylose complexes and enzymes are given in Table I. The average 
d.p. and the distribution of the pooled amylodextrin fractions were 
determined and are given in Table II. 
Figure 3. Bio-Gel A-0.5m chromatography of a-amylase hydro1yzates of 
amylose-V complexes. 
(A) Chromatography of porcine pancreatic a-amylase 
hydroIyzates of amylose-t-butyl alcohol complex. Solid line 
is the elution profile when the enzyme action was stopped, 
after 10 conversion periods, by adding 8 volumes of ethanol. 
Broken line is the elution profile when the enzyme action was 
stopped, after 10 conversion periods, by heating in a boiling 
water bath for 15 min. 
(B) Chromatography of Baci11 us subti1is a-amylase hy-
drolyzates of amylose-t-butyl alcohol complex. Solid line 
and broken line the same as in (A). 
Column and elution conditions the same as in Fig. 2 
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Figure 4. Bio-Gel A-0.5m chromatography of porcine pancreatic a-amylase 
hydrolysates of amylose-n-buty1 alcohol complex at different 
conversion periods. Enzyme activity was stopped by addition 
of alcohol: , eight conversion periods; , 16 
conversion periods. Column and elut ion conditions the same 
as Fig. 2 
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Table I. Degree of polymerization of peak fractions of resistant frag­
ments of various amylose-V complexes hydrolyzed by different 
a-amylases. 
Decree of DOIvmerization 
Complexing D-Glucose 
agent units Human Pore i ne Bac il lus 
per turn sa 1ivary panereati c subti1 is 
n-Butyl alcohol 6 78 71 105 
t-Butyl alcohol 7 90 95 110 
Tetrach1 oroethane 7 90 
a-Naphthol 8 122 125 140 
35  
Table II. Average degree of polymerization (d.p.) of the pooled A-0.5m 
chromatographed resistant fragments of various amylose-V com­
plexes hydrolyzed by human salivary and porcine pancreatic 
a-amylases. 
Human salivary Porcine pancreatic 
Complexing a-amylase a-amylase 
agent 
d.p. distribution d.p. distribution 
n-butyl alcohol 108 30-140 
t-butyl alcohol 122 45-170 129 45-170 
a-naphthol 159 60-230 174 60-230 
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The results of Table I show that subtills a-amylase gives resis­
tant fragments with a higher d.p. than those obtained with the other two 
enzymes after the same number of conversion periods. 
Retrograded amylose also was subjected to a-amylase hydrolysis and 
20 
prolonged acid hydrolysis . Results are shown in Table III. The 
molecular size distribution of the products of human salivary a-amylase 
hydrolysis was determined by Bio-Gel A-0.5m column chromatography (Fig. 
5A). In a second experiment, after the enzyme reaction was stopped by 
heating, the insoluble material was centrifuged and washed twice with 
water to remove maltodextrins. The pellet was dissolved in dimethyl-
sulfoxide, diluted with water, and chromatographed on Bio-Gel A-0.5m 
(see Fig. 58). Stopping the enzyme reactions by heating did not lower 
the average d.p. of the resulting amylodextrins from retrograded amylose 
as it did for the amylose-V complexes. This indicates that the resis­
tant amylodextrins from retrograded amylose were much more stable than 
the resistant amylodextrins from the amylose-V complex. 
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Table III. Average degree of polymerization (d.p.) of resistant frag­
ments from retrograded amylose hydrolyzed by prolonged acid 
treatment and different a-amylases. 
Treatment 
a-Amylase (10 conversion periods) 
Human sa 1ivary 
Porcine pancreatic 
Bac il lus subti1 is 
Sulfuric acid (16%, 25°) 
20 days 
40 days 
d.p. d1str i but i on 
42 30-55 
44 30-55 
50 45-55 
33 25-50 
31 25-50 
Figure 5. Bio-Gel A-0.5m chromatography of human salivary a-amylase 
hydrolyzates of retrograded amylose. 
(A) Hydrolyzate heated to 110-120°. taken to dryness, 
dissolved in dimethyl sulfoxide, diluted with water, and 
chromatographed. 
(B) Hydrolyzate heated to 110-120°, centrifuged, pellet 
washed twice with water, dissolved in dimethyl sulfoxide, 
diluted with water, and chromatographed. 
I is amylodextrin and II is soluble ma1todextrins. 
Column and elut ion conditions the same as Fig. 2 
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DISCUSSION 
The peak degree of polymerization, i.e.. the d.p. of the three 
pooled fractions from the gel filtration column with the highest amount 
of carbohydrate (see Fig. 2), of the resistant fragments from amylose-
n-butyl alcohol, amylose-t-butyl alcohol, and amylose-tetrachloroethane 
complexes hydrolyzed by human salivary and porcine pancreatic a-amylases 
were determined to be 75, 92, and 90, respectively, by both the total-
carbohydrate/reducing-va1ue and gel-permeation column chromatographic 
methods. These peak d.p. values correspond to a lamellar thickness of 
10 nm when there are six and seven D-g1ucose units per turn respec­
tively. These values agree with the data obtained from both X-ray crys­
tal lography^'®' and electron microscopy^'®'This is further 
evidence for the proposed lamellar-crystal structures of amylose-alcohol 
complexes shown in Fig. 6. In the lamellar structure, the amylose 
helices are folded back and forth in the crystal, and the folding 
points, the amorphous parts on the surface of the crystal, are acces­
sible to a-amylase attack. We hypothesize that the a-amylases hydrolyze 
these amorphous areas, leaving the relatively regular chains in the 
helical crystalline regions intact. This then gives resistant amylodex-
trins whose d.p. values are consistent with a lamellar length of 10 nm 
and six or seven D-glucose residues per turn of the helix. Extensive 
hydrolysis of the complex, beyond that needed to cleave the folding 
points, leads to a reduced yield of resistant fragments but no reduction 
in their size (see Fig. 4). These observations suggest that a sub-
Figure 5. a-Amy1ase hydrolysis of the proposed structure of lamella­
like, crystalline sheets of amylose-alcohol complex. The 
arrows on the top and bottom of the sheets are the proposed 
sites of ot-amylase hydrolysis to give resistant amylose frag­
ments 
42 
10nm 
«-Amylase 
10nm f# 
43 
population of helices—those at the edge of the lamella—unfold and 
dissociate from the lamella, thereby becoming available for rapid enzy­
matic degradation to ma 1todextrins. 
The d.p. of the resistant fragments from the amylose-a-naphthol 
hydrolysate is 123, which gives a lamellar thickness of 12 nm, assuming 
eight residues per turn. A thickness of 12 nm is larger than that 
13 
reported (about 10 nm) by Yamashita and Monobe from electron micros­
copy. If 10 nm is the actual thickness, then 123 residues corresponds 
to a helix with nine D-glucose residues per turn instead of eight. We 
cannot judge from our data which structure is correct. 
When enzymatic hydrolysis is used for structural analysis, the 
ability to terminate the enzyme reaction immediately is crucial. We 
found that immersion of the digest in a boiling water bath (98°C) or hot 
oil bath (110-120°C) was insufficient to completely stop the activity of 
any of the three a-amylases used: Baci11 us subtil is a-amylase was able 
to continue the degradation of all the resistant fragments to maltodex-
trins during a 15- to 20-min immersion in hot oil or boiling water, and 
the other two amylases retained sufficient activity to lower the frag­
ment size after immersion. One factor in the continued hydrolysis by 
a-amylase, after heat treatment, is the heat-mediated disruption of the 
lamellar structure, which makes much more of the amylodextrin chain 
available for enzyme hydrolysis. Another factor is the stability and 
enhanced activity of the enzymes during heating; subti1 is a-amylase 
21 is known to be stable and active at high temperatures . The addition 
of eight volumes of ethanol, on the other hand, appeared to terminate 
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the action of all three amylases instantly. This effect is due to the 
precipitation of the substrate and to denaturation of the amylases. 
Table I shows that the peak d.p. values of the resistant fragments 
from subti1 is a-amvlase digests of amylose-V complexes are consis­
tently greater than those from digests with human salivary and porcine 
pancreatic a-amylases after an equal number of conversion periods. When 
the substrate is retrograded amylose, subti1is a-amylase also gives a 
larger resistant fragment (Table III). These differences are probably 
due to the larger binding site (nine D-glucose units) of subt il is 
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a-amylase when compared with the binding sites (five D-glucose units) 
17 18 
of human salivary and porcine pancreatic a-amylases ' . We, thus, at­
tribute the higher d.p. values of the subti1is a-amylase resistant 
fragments to the larger binding site of this a-amylase and its conse­
quent inability to bind and hydrolyze the amorphous areas as close to 
the folding points of the helical chains as human salivary and porcine 
pancreatic a-amylases can bind and hydrolyze with their smaller binding 
sites. 
Further, with the amylose-n-butyl alcohol complex, subti1is 
a-amylase gives a much larger resistant fragment than do human salivary 
and porcine pancreatic a-amylases (d.p. 105 compared with d.p. 71 and 
78). Because the six-membered helix is the smallest, the number of 
D-glucose residues in the amorphous regions between the helical chains 
is also smaller than with the seven- and eight-membered helices. B. 
subt il is a-amylase, thus, may not be able to hydrolyze between all of 
the helical segments and thus leaves a certain number of resistant 
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fragments that have two or more helical segments connected by D-glucose 
residues from the amorphous region. These relatively longer resistant 
fragments then contribute to the larger peak d.p. values for the resis­
tant fragments obtained from B. subt il is a-amv1 as e hydrolysis. With the 
larger helices containing seven and eight D-glucose residues per turn, 
B. subt il is a-amylase still produced resistant fragments that were 
larger than the resistant fragments produced by the other two a-amyl-
ases. The differences between the sizes were less (d.p. 110 vs. 90 and 
95 and d.p. 140 vs. 122 and 125), however, because the number of D-glu-
cose residues between the helical segments in the amorphous region is 
greater than the number for the six-membered helix. This greater number 
of D-glucose residues between the helical segments, thus, allows B. 
subti1is a-amylase to hydrolyze more of the chains between the helical 
segments (refer to Table I and Fig. 6). 
The formation of resistant fragments from a-amylase and acid hy­
drolysis of retrograded amy lose (Table III) may be explained by the 
presence in retrograded amylose of both crystalline and amorphous re­
gions. Acid hydrolysis shows that the resistant crystalline regions 
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have a size of about 32 D-glucose residues and length of about 10 nm . 
We propose the structure of retrograded amylose given in Fig. 7, in 
which the crystalline regions are double helices interspersed with 
amorphous regions. This structure is similar to the structure proposed 
for the starch granule, in which acid erodes the amorphous parts, leav­
ing a highly crystalline amylodextrin with a double-helical struc-
20 22 23 
ture ' * . The proposed double helical structure of the crystalline 
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regions and the resulting resistant fragments further explain the sta­
bility of the fragments toward a-amylase action when the reactions are 
stopped by heating instead of the addition of ethanol. When the retro­
graded amylose is subjected to prolonged acid hydrolysis, all the glyco-
sidic bonds in the amorphous regions are hydrolyzed, leaving the double-
helical, crystalline regions intact. However, when the retrograded 
amylose is hydrolyzed by ct-amylases, the amylases cannot hydrolyze the 
glycosidic bonds close to the crystalline regions because of the sizes 
of their binding sites. Stubs of unhydrolyzed D-glucose residues then 
result at each end of the resistant fragments (see Fig. 7). 
The size of the stubs is dependent on the nature of the particular 
a-amylase. With human salivary and porcine pancreatic a-amylases, the 
stubs are five D-glucose residues long, giving a chain length ten D-glu­
cose residues longer than that of the resistant fragments from acid 
hydrolysis (42 vs. 32), and with subti1is a-amylase the stubs are 
each nine D-glucose residues long, giving a chain length of eighteen 
D-glucose residues longer than that of the resistant fragments from acid 
hydrolysis (50 vs. 32). The average lengths of the stubs correspond 
exactly to the number of binding subsites of the amylases: five^^ for 
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porcine pancreatic and human salivary a-amylases, and nine for B. 
subti1 is a-amylase. 
A further feature is the relative constancy of the lO-nm length of 
the repeating fold of the helices, whether the size of the helix is six 
or seven D-glucose residues per turn or whether it is the double helix 
of retrograded amylose. 
Figure 7. Proposed structure and mechanism of hydrolysis of retrograded amylose by acid and 
a-amyiases. A is the amorphous area and C is the crystalline area. Acid hydrol­
ysis (16% sulfuric acid for 20-40 days at 25°) gave an amylodextrin with d.p. = 
32 D-glucose residues; porcine pancreatic a-amylase (PPA) and human salivary a-
amylase (HSA) hydrolysis for 10 conversion periods at 25° gave an amylodextrin 
with d.p. = 43 D-glucose residues; BaciI lus subtills a-amylase (BSA) hydrolysis 
for 10 conversion periods gave an amylodextrin with d.p. = 50 D-glucose residues 
DP = 50 DP«'43 DP = 32 
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A practical result of the present work is that the hydrolysis of 
the amylose complexes or the hydrolysis of retrograded amylose provides 
a means of preparing amy1odextrins of various sizes, with a relatively 
narrow d.p. distribution. Human salivary and porcine pancreatic a-amyl-
ase hydrolysis of the amylose complexes with six D-glucose residues per 
turn gave an amylodextrin of average d.p. of 108, with a distribution of 
30-140 D-glucose residues; hydrolysis of amylose complexes with seven 
D-glucose residues per turn gave an amylodextrin of average d.p. of 125, 
with a distribution of 45-170 D-glucose residues; and hydrolysis of the 
a-naphthol amylose complex gave an amylodextrin of average d.p. 170, 
with a distribution of 60-230. 
Hydrolysis of retrograded amylose with a-amylases and acid gave a 
resistant amylodextrin with a narrower distribution. Acid gave an 
average d.p. of 32 D-glucose residues, with a distribution of 25-50 
D-glucose residues; human salivary and porcine pancreatic a-amylases 
gave an average d.p. of 43 D-glucose residues, with a distribution of 
30-55 D-glucose residues; and subti1is a-amylase gave an average d.p. 
of 50 D-glucose residues, with a distribution of 30-80 D-glucose resi­
dues. The yields of these amylodextrins were 45 to 65 percent. 
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SECTION II 
STUDY OF THE CONFORMATION OF AMYLOSE AND AMYLOSE-V COMPLEXES 
IN SOLUTION BY ^^C-N.M.R. 
Jay-lin Jane and John F. Robyt 
Department of Biochemistry and Biophysics 
Dee-Hua Huang 
Department of Chemistry 
Iowa State University, Ames, lA 50011 
Amylose and amylodextrin have identical '"'C-nuclear magnetic reso­
nance spectra. The latter can be obtained as stable solutions in much 
higher concentrations that require only 1/100 as many scans to obtain a 
comparable spectrum. ^^C-N.m.r. spectroscopy has been used to study the 
formation of amylodextrin complexes in aqueous solution. It was found 
that, upon the addition of complexing agents to amylodextrin, there was 
a change in the ^^C-n.m.r. spectrum in which the signals from carbons 1 
and 4 were shifted downfield more than the signals from the other car­
bons. It is proposed that the formation of a helical complex results in 
a change in the conformation of the glycosidic linkage and is reflected 
in the downfield chemical shifts of carbons i and 4. It has been 
observed that differences in the ratio of the downfield shifts of car­
bons 1 and 4 of the different amylodextrin complexes indicate differen­
ces in the degree of compactness of the helical structures. A control 
study using dextran, which does not form helical complexes, showed that 
the observed change in the relative chemical shifts for carbons 1 and 4 
of amylodextrin is not due to general solvent effects. A comparison of 
the ^^C-n.m.r. chemical shifts of methyl a-D-giucoside and methyl a-mal-
toside showed that, for a molecule even as small as a disaccharide, 
there is a conformational change about the glycosidic linkage when 
complexing agents are added. 
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INTRODUCTION 
A helical structure for starch chains was first proposed by Hanes^ 
in 1937 to explain the formation of specific products from the action of 
2 
malt a-amylase. Frendenberg et al. adopted the helical model because 
it was consistent with the cyclic structure of the Schardinger dextrins. 
In 1943, Rundle and co-workers presented the first experimental evidence 
for the existence of the helical structure of amylose in their studies 
of flow dichroism^ and X-ray diffraction of the amylose-iodine com-
4-7 plex . Since then, many other helical amylose complexes, such as 
amylose-fatty acid®'^, amylose-n-butyl alcohol^'amylose-t-butyl 
alcoholamylose-DMSO^^ and amylose-a-naphthoihave been 
reported and investigated. All these are known as amylose-V com-
I a 
plexes , and all have a pitch of about 0.8 nm, which indicates that the 
coils of the helix are in contact with each other. There also are 
extended amylose helical complexes, such as amy'ose-KOH^^ and amyl-
ose-KEr^""^"" complexes. 
Methods that have been common 1 y used to study the structures of 
amylose complexes are X-ray crystallography^ and light-^^'^^ or elec-
tron-microscopy^^'H,13,18^ Both are restricted to the study of crys-
26 
talline structures. French et al. developed a method of surveying the 
ability of various organic compounds to form amylose complexes by obser­
ving the formation of amylose precipitates, a method that was further 
applied by Kuge and Takeo^^. This method, however, fails to detect some 
water-soluble complexes, such as the amylose-DMSO and amylose-KOH com-
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pi exes and has led to inconsistent results from different laboratories. 
Viscometry also has been used to study the formation of amylose com-
28 29 
pi exes in solution ' . The increase in viscosity of amylose in alka­
line solution was misinterpreted as evidence of a random coil conforma­
tion instead of the formation of an extended helix^^ 
Formation of helical amylose complexes should involve a conforma­
tional change principally of the glycosidic linkage to convert the 
amylose molecule from a random coil to a helix. The change of the 
torsion angles about the glycosidic linkages will affect the electron 
distribution pattern about the linkage. Therefore, a change in confor­
mation can be detected by nuclear magnetic resonance (n.m.r.) as a 
change in the electronic shielding of the atoms involved in the linkage. 
Because of the fast exchange rate of hydroxy1 protons, the usefulness of 
proton n.m.r. is limited. On the other hand, ^^C-n.m.r. should be an 
effective probe of the conformation of amylose in solution, 
Dorman and Roberts^^ reported that amylose in 1 N KOH solution 
exhibited downfield chemical shifts when compared with amylose in neu­
tral solution. This shift was misinterpreted as a disruption of the 
helical conformation, on the basis of the then proposed random-coil 
conformation of amylose in alkaline solution, which was later shown to 
be incorrect^^. In the present study, we have found a specific pattern 
of downfield shifts for carbons 1 and 4 involved in the glycosidic bond 
when amylose complexes are formed. The shifts were similar to those 
observed for the amylose-KOH extended helical conformation. 
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MATERIALS AND METHODS 
Chemicals 
Amylodextrin (d.p. 25) was prepared by prolonged acid hydrolysis of 
31 32 
potato starch ' (16% sulfuric acid for 3 months) and was recrystal-
lized from methanol twice before use. This amylodextrin, when dissolved 
in hot water at a concentration of 50 mg/mL, gave a clear and stable 
solution. 
Methyl a-D-glucopyranoside was available in the laboratory. Methyl 
a-maltoside was prepared by Baci1 lus macerans transglycosylase coupling 
33 
reactions between methyl a-D-g1ucoside and cyclohexaamylose and sepa-
34 
rated by charcoal column chromatography . Tri iodide reagent was pre­
pared by dissolving 200 mg of iodine and 260 mg of potassium iodide in 
1 mL of distilled water. a-Naphthol was recrysta11ized before use. 
Other chemicals were reagent grade and used without further treatment. 
Leuconostoc mesenteroides B-512F dextran (molecular weight about 4 
X lo/) and dextran T-10 (molecular weight 5200) were obtained from Sigma 
Chemical Co., St. Louis, MO. 
Amylodextrin solutions 
Complexing agents (or other compounds) were added to amylodextrin 
solutions (50 mg/mL), which were stirred while in a boiling water bath, 
and then slowly cooled to 24°. Different volumes of DMSO and water were 
added separately to aqueous- or DMSO-amylodextrin solutions with heating 
58 
and stirring to prepare solutions of specific DMSO/water concentrations. 
^^C-Nuciear magnetic resonance spectroscopy 
Nuclear magnetic resonance experiments were carried out on a Bruker 
WM-300 spectrometer operated at 75 MHz for observation of During 
data acquisition, proton resonances were broad-band decoupled. The 
chemical shifts of the resonance signals were referenced to external 
dioxane at 66.5 p.p.m. Samples were dissolved in H^O containing 207, DgO 
for field-frequency lock. For samples in DMSO, 207. of DMSO-d^ was added 
for field-frequency lock. The assignment of the ^^C-n.m.r. carbon 
resonances of a-methyl maltoside was obtained from 'H J-resolved 2-D 
n.m.r., chemical shift correlated 2-D n.m.r., and chemical 
shift correlated 2-D n.m.r. 
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RESULTS 
^^C-N.m.r. spectra of aqueous solutions of potato amylose (d.p. 1000) 
and amylodextrin {d.p. 25) 
The highest aqueous concentration of potato amylose (d.p. 1000) 
that gives a stable solution at room temperature is about 1 mg/mL. A 
^^C-n.m.r. spectrum of aqueous amylose at this concentration is shown in 
Fig. la. This spectrum is the result of 26,000 scans, collected over a 
12-h period. Amylodextrin with an average d.p. of 25, on the other 
hand, gives stable aqueous solutions at concentrations as high as 
50 mg/mL. A ^^C-n.m.r. spectrum of such a solution, obtained after only 
256 scans, is shown in. Fig. lb with a much decreased base-line noise. 
The major peaks, however, were identical. For both spectra, dioxane was 
used as an external standard. 
^^C-N.tn.r. spectra of solutions of amy1odextrin-V complexes 
Compounds reported to give amylose-V complexes (DMSO, potassium 
tri iodide, n-butyl alcohol, t-butyl alcohol, a-naphthol, methyl alcohol, 
and cyclohexyl alcohol) were used to titrate amylodextrin solutions. 
Spectra of amylodextrin solutions containing different amounts of DMSO 
are shown in Fig. 2. Chemical shifts of each carbon are plotted against 
35 
the concentration of DMSO (Fig. 3). These plots show that carbons 1 
and 4, which are involved in the glycosidic bonds, are shifted downfield 
more than the other carbons by the addition of DMSO. The same chemical-
1 3  
Figure 1. Ç-N.m.r. spectra of amylose and amylodextrin. 
13 (a) C-n.m.r. spectrum of amylose aqueous solution. Amylose was first dis­
solved in DMSO (33 mc|/mL). A portion of the amylose-DMSO solution was then diluted 
to 1 mg/mL with 20% D^ O in H^ O. The spectrum was obtained after 26,000 scans at 25°. 
Dioxane was used as an external reference, (b) '^C-n.m.r. spectrum of amylodextrin 
(d.p. 25) aqueous solution (50 mg/mL). The spectrum was obtained after 256 scans at 
25°. Dioxane was used as an external reference 
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Figure 1 (continued) 
Figure 2. '^C-N.m.r. spectra of amylodextrin in aqueous DMSO solutions. Spectra were obtained 
at DMSO concentrations of 20%, 40%, 60%, and 75% (v/v). Spectra also were obtained 
after back-titration of an amylose-DMSO solution with water. Spectra obtained at the 
same DMSO concentration were identical, showing that the effect of dilution of the 
amylodextrin on chemical shifts is negligible. Dioxane was used as an external 
reference 
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Figure 3. Chemical shifts of amylodextrin in solutions containing 
différent proportions of water and DMSO (plotted from spectra 
shown in Fig. 2) 
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shift behavior was observed from the addition of tri iodide or any of the 
other complexing agents named above (data not shown). The ratio of the 
carbon-1 chemical-shift change to that of carbon 4 upon addition of 
complexing agent (Aôç,_j/Aô^_^) is 0.6 for all complexing agents except 
DMSO, for which a ratio of 0.51 was obtained. 
1 1 
C-N.m.r. spectra of solutions of an amylodextrin extended-he1ix 
complex 
When potassium hydroxide is added to an amylodextrin solution, the 
chemical shifts of carbons 1 and 4 also move downfield (see Fig. 4). 
The ratio of shift changes, A^. is 0.75. 
Effect of helix to random-coi1 transition on ^^C-n.m.r. spectra of 
amylodextrin solutions 
An aqueous solution of amylodextrin gave the ^^C-n.m.r. spectrum 
shown in Fig. 5a. When tri iodide was added to the amylodextrin solu­
tion, the solution turned purple, which indicates the formation of an 
amy1odextrin-triiodide complex. The ^^C-n.m.r. spectrum of this complex 
is shown in Fig. 5b; the signals of carbons 1 and 4 move downfield and 
broaden. The same purple solution was then titrated with 0.04 N sodium 
13 
thiosulfate until the color disappeared. The C-n.m.r. spectrum of the 
resulting solution (Fig. 5c) shows that the signals for carbons 1 and 4 
again become sharp and that their positions are the same as the spectrum 
of amylodextrin in the absence of tri iodide (Fig. 5a). 
Figure 4. Chemical shifts of amy1odextrin aqueous solutions in the 
presence of different concentrations of KOH 
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Figure 5. '^C-N.m.r. spectra of amy Iodextrin aqueous solutions showing changes upon addition of 
tri iodide, followed by thiosulfate addition. 
(a) '^C-n.m.r. spectrum of amyIodextrin aqueous solution. The peaks are as­
signed as Cj, C^, Cg, Cg, Cg, dioxane, and Cg from left to right. 
(b) '^C-n.m.r. spectrum of amylodextrin aqueous solution in the presence of 
tri iodide. The mixture was dark purple, characteristic of the amy1odextrin-triiodide 
complex. The spectrum was obtained under the same conditions as (a). 
(c) '^C-n.m.r. spectrum of the solution used to obtain spectrum (b) (amylodex-
trin-triiodide complex) after addition of sufficient 0.04 N sodium thiosulfate to 
destroy the purple color. The spectrum was obtained under the same conditions as (a) 
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^^C-N.m.r. spectra of mei:hy1 a-D-glucoside and methyl g-maltoside and 
their complexes with DHSO 
Methyl a-D-glucoside and methyl a-maltoside were used as model 
compounds for complex formation. Upon the addition of DMSO to an aque­
ous solution of methyl a-D-glucoside, the chemical shifts of all the 
D-glucose carbons showed parallel downfield shifts (Fig. 6). However, 
methyl a-maltoside in the presence of various amounts of DMSO gave a 
different pattern of changes. The chemical shifts of carbons 1' and 4 
exhibited downfield changes with increasing DMSO concentration, similar 
to what was observed for carbons 1 and 4 of amylodextrin with the 
addition of DMSO (see Fig. 7). The chemical shifts of the other carbons 
also can be divided into-two groups, one group of carbons having the 
same chemical shifts as those of methyl a-D-glucoside, and the other 
group having chemical shifts similar to those of amylodextrin. 
^^C-N.m.r. spectrum of retrograded amylodextrin 
A suspension of retrograded amylodextrin gave a ^^C-n.m.r. spectrum 
essentially identical to that of a freshly prepared amylodextrin solu­
tion (compare Fig. 8 with Fig. lb). 
'^C-N.tn.r. spectra of amylodextrin in the presence of conyounds that do 
not form complexes 
Amino acids, hexane, and sucrose are known not to form complexes 
with amylose. L-Glutamic acid, L-tyrosine, hexane, and sucrose were 
Figure 6. Chemical shifts of methyl a-D-glucoside aqueous solution 
in the presence of different concentrations of DMSO 
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Figure 7. Chemical shifts of methyl a-maltoside aqueous solution in 
the presence of different concentrations of DM50 
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amylodextrin was prepared by keeping an aqueous solution of amylodextrin (50 mg/mL) 
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added (separately) to amy1odextr1n solutions; ^^C-n.m.r. shows no 
changes in the chemical shifts of the amylodextrin signals (data not 
shown). 
^^C-N.m.r. spectra of dextran solutions containing DMSO or ethanol 
Solutions of dextran T-10 = 5,200) in water, DMSO, and mixtures 
of these two solvents were prepared. ^^C-N.m.r. of these solutions show 
parallel changes in chemical shift with DMSO concentration for all 
dextran carbons (Fig. 9). Addition of up to 20% (v/v) ethanol to aque­
ous solutions of the native dextran of Leuconostoc mesenteroides B-512F 
gave the same pattern of chemical-shift changes. 
^^C-N.m.r. spectra of aqueous solutions of eyeloamyloses and their 
complexes with DMSO 
^^C-n.m.r. spectra of aqueous eyelohexaamylose and cycloheptaamyl-
ose show that the chemical shifts of carbons 1 and 4 are farther down-
field than the corresponding shifts for amylodextrin (Table I). Addi­
tion of DMSO to the aqueous eye loamyloses causes larger downfield 
changes in the shifts of carbons 1 and 4 than in the shifts of the other 
carbons (Fig. 10), but these changes are not as great as those observed 
for carbons 1 and 4 of amylodextrin (compare Fig. 3 with Fig. 10). 
Figure 9. Chemical shifts of dextran T-10 aqueous solution in the 
presence of different concentrations of DMSO 
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Table I. Chemical shifts of amylodextrin, eyelohexaamylose, and 
eyeloheptaamylose in water and 75% DMSO solutions 
Carbon 6 (p.p.m. from tetramethylsilane) 
Amylodextrin Cyclohexaamylose Cycloheptaamylose 
HgO 757. DMSO HgO 75% DMSO H^O 75% DMSO 
1 98.93 100.22 100.81 101.75 101.11 101.92 
4 76.15 78.73 80.63 81.83 80.39 81.44 
3 72.78 73.25 72.84 73.32 72.44 73.12 
2 70.99 71.80 71.44 72.00 71.43 72.34 
5 70.56 71.44 71.19 71.62 71.08 72.04 
6 59.91 60.48 59.87 60.16 59.64 60.10 
®A11 chemical shifts of the resonance signals were referenced 
to external dioxane at 56.5 ppm. 
Figure 10. Chemical shifts of eyeloheptaamylose aqueous solution in 
the presence of different concentrations of DMSO 
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DISCUSSION 
The ^^C-n.m.r. spectrum of d.p. 25 amylodextrin shows that each 
glucose carbon has the same chemical shift as native potato amy!ose 
(d.p. 1000), but the spectrum can be obtained in only 1/100 the acquisi­
tion time required for native amylose. An amylodextrin chain of 25 
residues can form 3 or 4 turns of a helix with 6 to 8 glucose residues 
per turn. The experiments described in this study were conducted to 
investigate the effect on ^^C-n.m.r. spectra of the transition from a 
random-coil conformation to the helical conformation of amylodextrin 
complexes. Because amylodextrin has a ^^C-n.m.r. spectrum identical to 
that of amylose, the changes observed in the spectrum upon the addition 
of complexing agent to amylodextrin should also occur upon the addition 
of complexing agent to amylose. These changes are due to local confor­
mational changes. Therefore, a study of amylodextrin d.p. 25 fulfills 
the same purpose as a"study of amylose but at a much higher concentra­
tion (50 mg/mL vs. 1 mg/mL) and with many fewer spectral scans (256 vs. 
26,000). 
X-Ray diffraction studies show that complexing agents, such as 
DMSO, tri iodide, n-butyl alcohol, t-butyl alcohol, a-naphthol, and 
methyl alcohol, form crystalline amylose-V complexes. When these agents 
are added to an aqueous solution of amylodextrin, a similar pattern of 
downfield chemical shifts is observed in their ^^C-n.m.r. spectra (see 
Figs. 2 and 3). The spectra of the aqueous amylodextrin-V complexes all 
show a marked downfield movement of the signals of carbons 1 and 4, with 
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little change in the positions of the other carbo signals. The ratio 
of chemical shift change upon addition of complex,ng agent for carbons 1 
and 4 (AÔQ_J/AiSc-4^ was consistently about 0.6 for the amylodextrin-V 
complexes, but was 0.51 for the amylodextrin-DMSO complex. The amyl-
ose-KOH complex has been reported from X-ray crystallography to exist as 
an extended helix. This complex in solution gave ^^C-n.m.r. spectra 
similar to those of the amylose-V complexes, but Aô^_j/A(Sq_^ was 0.75 
instead of 0.6 (Fig. 4). These differences in the ratios suggest dif­
ferences in the degree of compactness of the helices, with a lower ratio 
indicating a more compact helix than the higher ratio. 
The changes in the ^^C-n.m.r. spectra of amylodextrin upon addition 
of complexing agent can be reversed by either the chemical destruction 
of the complexing agent or by raising the temperature of the complex 
solution. For example, one experiment consisted of titrating the aque­
ous amylodextrin-triiodide complex with sodium thiosulfate. When the 
purple color of the amylodextrin-triiodide complex disappeared, the 
signals of carbons I and 4 were sharpened and shifted upfield, resulting 
in a spectrum that was identical to the spectrum of free amylodextrin 
(see Fig. 5 a-c). This result indicated that the specific downfield 
shift of carbons 1 and 4 upon the addition of tri iodide was due to the 
formation of an amylodextrin-triiodide complex. 
The downfield shift of a nucleus results from local deshielding by 
either a change in charge density^^ or bond polarization^^'^®. The 
formation of an amylodextrin-V complex from random-coil amylodextrin 
requires rotations about the two carbon-oxygen bonds of the glycosidic 
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linkages, resulting in a different steric environment around carbons I 
and 4. We propose that these changes in steric relationships cause 
deshielding of carbons 1 and 4, which are involved in the glycosidic 
linkage, while the other carbons are little affected. 
The downfield displacements of the signals from carbons 1 and 4 on 
addition of complexing agents to amy1odextrin are similar to the signals 
of carbons 1 and 4 for the cycloamyloses (see Table I), although, on the 
addition of complexing agents to the cycloamyloses, there is a further 
downfield shift due to relatively small conformational changes in for­
ming the eyeloamylose complexes. The fixed cyclic structure of the 
cycloamyloses makes them useful model compounds for the helical, amyl-
ose-V complexes. The observed torsion angles, $ and Tp, for the cyclo-
amyloses^^'^^ compare favorably with the angles for amylose-V com­
plexes^^. We interpret this similarity in the ^^C-n.m.r. spectral 
behavior of cycloamyloses and amy1odextrin-V complexes as further evi­
dence that changes in the torsion angles are responsible for the ob­
served downfield shifts of the glycosidic carbons in these molecules. 
The chemical shifts of peptide-!inkage carbons in L-proline oligomers 
display similar changes upon the addition of lithium and calcium salts, 
which alter the conformation of the peptides^^'^^. 
The possibility that the chemical shifts of carbons 1 and 4 were 
due to general solvent effects on the glycosidic linkage was studied by 
using Leuconostoc mesenteroides B-512F dextran, a predominantly a-l->6 
linked glucan, as a test material. This dextran may be precipitated 
from aqueous solution by increasing the ethanol concentration to 36% or 
8 8  
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higher , which is similar to the ethanol precipitation of amylose. 
Dextran, however, does not form helical complexes with any of the agents 
used to form amy1ose complexes. If the downfield chemical shifts of 
carbons 1 and 4 of amylodextrin are due to general solvent effects 
rather than conformational changes due to a random-coi1 to helix transi­
tion, dextran solutions should also display an increase in the chemical 
shifts of carbons 1 and 6 relative to the other carbons when the various 
agents are added. The ^^C-n.m.r. spectrum of dextran in 20% ethanol 
shows parallel downfield chemical shifts for all six carbons (data not 
shown). The same pattern is observed for dextran T-10, a low-molecular-
weight dextran with a d.p. of 32, when DMSO is added (see Fig. 9). In 
none of the dextran spectra, were the chemical shifts of carbons 1 and 6 
greater than those of the other carbons. This finding eliminates the 
possibility that the relatively greater increase of the chemical shifts 
of carbons 1 and 4 of the amylodextrin complexes is caused by general 
solvent effects on the glycosidic linkage. Dextran does not go through 
any specific conformational changes when ethanol or DMSO is added. The 
addition of ethanol produces dextran aggregation and precipitation by 
decreasing the hydrophilic character of the solvent. 
The amylodextrin-V complex exists as a collapsed helix, in which 
the complexing agent is in the cavity of the helix and adjacent turns of 
19 
the helix are in physical contact ; this is not the case for the 
extended helix of the amylodextrin-KOH complex^^ This difference in 
conformation is reflected in the differences of the ratios of the down-
field shifts of carbons I and 4: Aô_ ,/Aô_ . for the KOH complex is 0.75 
L-1 L—4 
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(Fig. 4), compared with 0.6 for the V complexes. The amy1odextrin-DMSO 
complex downfield shift ratio is 0.51 (Fig. 3). This latter difference, 
perhaps, is due to an even more compact helix. 
Increases in the concentration of DMSO, in an aqueous solution of 
methyl a-D-glucoside, causes a parallel downfield change in the chemical 
shifts of all six glucose carbons (Fig. 6). The fact that the methyl 
carbon signal does not move indicates that there are no conformational 
changes involving this glycosidic bond rotation. Instead, DMSO may 
cause distortion of the pyranose ring through a chelating-!ike, hydrogen 
bond and hydrophobic Interaction, leading to the downfield shifts of the 
D-glucose carbons. 
When DMSO is added to a solution of methyl a-maltoside, a series of 
^^C-n.m.r. spectra, showing characteristics of both methyl a-D-glucoside 
and amy!odextrin, is obtained (Fig. 7). Carbons 1' and 4 show downfield 
shift changes like those seen in amylodextrin spectra, suggesting that 
DMSO induces rotations about the l'->-4 linkage similar to those involved 
in amy1odextrin-V complex formation. A reduced downfield shift of the 
resonances of the four carbons (Cg, Cg, C^, and C^) of the first residue 
of a-methyl maltoside is similar to the downfield shifts of the same 
four carbons of the glucopyranosyl residues observed for amylodextrin. 
The reduction of these downfield shifts, in contrast to the shifts 
observed for a-methyl D-glucoside and the nonreducing residue of 
a-methyl maltoside, may be attributed to the release of tension on the 
C^-substituted glucopyranose ring. This tension is induced by the 
interaction of the glucopyranose ring with the complexing agent and is 
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reduced primarily by the rotation about the xp bond of the glycosidic 
linkage. We conclude that all of the properties of amylose, which lead 
to complex formation, may be present in a molecule as simple as two 
glucosyl residues linked a-1^4. This conclusion is consistent with an 
observation made by Thoma and French, that at 0.2°C, tri iodide binding 
44 
by maltose could be detected potentiometrically 
Another important feature of the ^^C-n.m.r. spectra of amylodextrin 
titrated with complexing agents is that through most of the concentra­
tion range of complexing agent, each carbon gives only one signal. The 
change in chemical shift of each carbon is proportional to the concen­
tration of complexing agent. This behavior is consistent only with a 
rate of interconversion fast enough to give a signal representing the 
average of two states, rather than the two different signals expected 
45 
for a slow interconversion . This shows that the amylodextrin-V com­
plexes are in fast dynamic equilibrium with free amylodextrin. This is 
consistent with observations on the lamellae formed by amylose-alcohol 
1 3 
complexes . At very high concentrations of complexing agent, the 
signals of carbons 1 and 4 broaden and split, indicating a slower rate 
46 
of interconversion. Moulik and Gupta have reported a slow intercon­
version of the amylose-triiodide complex at high tri iodide levels. 
Aqueous solutions of amylose tend to retrograde (i.e.. precipitate) 
at concentrations above 1 mg/mL or low temperatures; amylodextrins also 
exhibit this behavior, but to a lesser extent. We found that the 
^^C-n.m.r. spectrum of retrograded amylodextrin is nearly identical to 
that of amylodextrin in solution (Pig. 8). This result indicates that 
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for the transition from dissolved to retrograded amylodextrin, little 
conformational change about the glycosidic bond is needed. If there had 
been a difference in the conformation of insoluble, retrograded amylo­
dextrin and solubi1ized amylodextrin, different chemical shifts or at 
least peak broadening should have been observed. 
Compounds that do not form helical complexes with amylose, such as 
hexane, and the amino acids, L-glutamic acid and L-tyrosine, have no 
effect on the chemical shift of any of the amylodextrin carbons at any 
concentration. This observation reinforces our hypothesis that the 
downfield shifts observed for carbons 1 and 4 when complexing agents are 
added to amylodextrin solutions are due to conformational changes in 
forming the helix. Benzoic acid, which previously was reported not to 
form a precipitate with amylose and, hence, not to form a helical com-
27 pi ex , gives a spectrum identical to those of other amy1odextrin-V com­
plexes. We, thus, believe that benzoic acid forms a helical complex 
with amylose and that the ^^C-n.m.r. spectrum is a better index of 
complex formation than is the formation of a water-insoluble precipi­
tate. 
X-Ray studies of the interaction of eyelohexaamylose and cyclohep-
taamylose with various molecules show that complexes are formed by the 
binding of the complexing agent in the cavity of the eye loamyloses. The 
downfield chemical shifts observed for carbons 1 and 4 are due to this 
complex formation. These changes, however, are much smaller than those 
observed for amylodextrin (compare Figs. 3 and 10 and Table I). These 
differences may be explained by the relatively rigid structures of the 
92 
eye loamyloses, in whieh only slight conformational changes are permitted 
in contrast to amylodextrin and amylose, which can undergo random-coil 
to helix transitions. 
In summary, ^^C-n.m.r. studies have shown that when complexing 
agents are added to aqueous amylodextrin solutions, there is a downfield 
change in the chemical shifts of carbons 1 and 4 of the D-glucopyranose 
residues of the amylodextrin. This change has been interpreted as a 
change in the torsion angle of the a-l->4 glycosidic linkage, which is 
due to the formation of a helical structure. Differences in the ratio 
of the downfield shifts of carbons 1 and 4 will distinguish an extended 
helix from a compact helix. ^^C-n.m.r. spectra of methyl a-D-glucoside 
and methyl a-maltoside provide evidence that a molecule as small as a 
disaccharide will form a complex with complexing agents. A comparison 
of the ^^C-n.m.r. spectra of amylodextrin in solution and insoluble, 
retrograded amylodextrin suggests that there is not a significant con­
formational change when amylodextrin undergoes rétrogradation from 
solution. 
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GENERAL DISCUSSION 
Hydrolysis by a-amylases have been shown to be a useful tool for 
the structural studies of the crystalline lamellar structure of amyl-
ose-V complexes. The resistant fragments resulting from a-amylase hy­
drolysis of lamellar complexes of amylose with n-butyl alcohol and 
t-butyl alcohol were analyzed by measuring the d.p. and by chromatogra­
phy on Bio-Gel A-0.5m. Calculations based on the d.p. of the resistant 
fragments and the lamellar folding length gave precisely six and seven 
glucose residues per turn, respectively for the n-butyl alcohol and 
t-butyl alcohol complexes. Calculations for the resistant fragments 
from hydrolysis of the amy1ose-a-naphtho1 complex, however, did not 
match the results from X-ray and electron-microscopic studies. For 
example, if the 10 nm folding length observed in electron-microscopic 
11 
studies is assumed, calculations from our data lead to a circumference 
of nine glucose residues per turn. If, however, the observation from 
1 1 
X-ray work of an eight-residue-per-turn circumference*' is assumed, then 
the folding length must be 12 nm. 
Amylose-V complexes can be partially destroyed by heat, and the 
complexing agents can leach out or exchange with other dissolved com­
plexing agents. Therefore, the a-amylase hydrolysis conditions, such as 
temperature, presence of complexing agent in the buffer solution, number 
of conversion periods, and the methods for stopping the reaction, needs 
to be carefully controlled. It has been,found that by heating the 
hydrolysate in a boiling water bath or in a hot oil bath (120°C) are not 
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sufficient to immediately stop amylase activity. During the 15 minute 
heating period, it was found that the resistant fragments were substan­
tially reduced in molecular size (for human salivary and porcine pan­
creatic a-amylase hydrolysates) or completely hydrolyzed to oligosaccha­
rides (for subti1is a-amylase hydrolysate), when compared with the 
size of the resistant fragments obtained from the same hydrolyzates, in 
which, the enzyme activity was stopped by alcohol precipitation. The 
crystalline regions of retrograded amylose, on the other hand, are 
extremely stable to hydrolysis by either acid or a-amylases. The resis­
tant fragments resulting when a-amylases hydrolyze retrograded amylose 
are not further hydrolyzed when the reactions are stopped by heating as 
they are for the amylose-V complexes. This further suggests that the 
structure of the resistant fragments of retrograded amylose is that of a 
double helix rather than a single helix as it is for the amylose-V 
complex. ^^C-N.m.r. spectra have shown that there is no significant 
change in the chemical shifts upon the rétrogradation of amylodextrin. 
This observation is quite different from that for amylose-V complexes. 
N.m.r. spectra of amylose-V complexes show significant downfield shifts 
of carbons I and 4, which reflect the conformational changes due to the 
rotation of bonds at the glycosidic linkage necessary to form the heli­
cal structure. The stability and conformation differences between the 
amylose-V complex and retrograded amylose further support the proposed 
double helical structure of retrograded amylose over a single helix 
structure of the amylose-V complexes. The similarity between the 
^^C-n.m.r. spectra of retrograded amylodextrin and solubilized amylodex-
99 
trin may suggest that the conformation (e.g., torsion angles, (p and ip, 
of the glycosidic linkage and the conformation of the sugar rings) of 
amylodextrin in solution is similar to that of retrograded amylodextrin 
or native B-starch, except that the amylodextrin molecule is a single 
strand, and more flexible in solution than is retrograded amylodextrin 
which is a tangled, double stranded helix. We also obtained a proton 
n.m.r. spectrum of retrograded amylodextrin that is identical to that of 
amylodextrin in solution. This observation may suggest that there are 
water molecules surrounding the amylodextrin even in the retrograded 
state. In other words, the retrograded amylodextrin chains are tangled 
together to give insoluble aggregates, which are difficult to separate 
and dissolve. The retrograded chains, however, have essentially the 
same conformation as the amylodextrin chain in solution because of 
hydration. Thus, in the tangled retrograded amylodextrin, there is no 
close interaction between the chains due to hydration of the chains, and 
the conformation of the retrograded amylodextrin remains the same as the 
conformation of the chains in solution. X-Ray studies have shown that 
hydrated amylodextrin or B-starch give sharp diffraction lines, which 
are lost on complete dehydration, suggesting that the glucose residues 
of crystalline B-starch may actually be in an "aqueous" environment. 
Our experimental data showed that amylodextrin preparations with 
average degrees of polymerization of 170, 125, 108, 50, 43, and 32, with 
a relatively narrow d.p. distribution, can be prepared in yields of 45 
to 65%. We anticipate that a similar method can be applied to starch 
granules from various sources, retrograded amylopectins, and glycogens 
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of various branch lengths, to prepare amylodextrins of various lengths, 
depending on the branch lengths. 
Electron-micrographs show that all of the amylose-V complexes have 
a lamellar structure with folding chain lengths of 10 nm. The crystal­
line regions of retrograded amylose are also 10 nm in length. This 
relatively constant and consistent observation for different types of 
amylose complexes probably has some significance. 
Our '^C-n.m.r. studies of amylose-V complexes have demonstrated 
that local conformational changes, such as random coil to helix transi­
tions, can be detected with amy1odextrin, a smaller molecule than amyl­
ose. Smaller molecules have the advantage of higher solubility in 
aqueous solution; therefore, we can prepare solutions of higher concen­
tration to compensate for the low natural abundance of Both amylo-
dextrin, d.p. 25, and native amylose, d.p. about 1000, were used in 
these experiments. The results show that the ^^C-n.m.r. spectrum of a 
solution of d.p. 25 amylodextrin (50 mg/mL) was obtained in only one-
hundredth the acquisition time required for a solution of native amyl­
ose, d.p. 1000 (1 mg/mL), and the amylodextrin spectrum contained less 
background noise. 
^^C-N.m.r. spectra of amylodextrin solutions, in the presence of 
complexing agents, show the greatest downfield shifts for carbons 1 and 
4, which are involved in the glycosidic linkage. These larger downfield 
shifts have been shown to arise from bond rotation about the glycosidic 
linkage to form helical complexes, by the following experiments: 
1 0 1  
Dextran, an a-l->6 linked glucan, is known not to form helical 
complexes in the presence of amylose complexing agents. 
shows that addition of a complexing agent to dextran 
produces small and approximately equal chemical shifts for all 
six carbons. This result rules out the possibility of general 
solvent effects on the downfield shifts of carbons involved in 
the glycosidic linkage. 
Cyclodextrins, model compounds for amylose-V complexes, have 
torsion angles similar to those of amylose-V complexes. Aqueous 
solutions of cyclodextrins have a ^^C-n.m.r. spectrum similar to 
those of amylose-V complexes in solution. This suggests that 
changes in the torsion angles at the glycosidic linkage account 
for the downfield shifts of the glycosidic carbons 1 and 4. 
The large downfield shifts of carbons 1 and 4, on amylodex-
trin-V complex formation, can be reversed, when the amylose-V 
complex is destroyed, for example, when iodine is reduced to 
iodide. The downfield shifts of carbons 1 and 4, and the 
signal broadening and splitting, disappear upon destruction of 
the complex, to give a spectrum identical to that of free 
amylodextrin. 
The addition of chemicals that do not form helical complexes 
with amylodextrin does not affect the ^^C-n.m.r. spectrum of 
amylodextrin as do those chemicals known to form helical 
complexes. 
1 0 2  
It has been found that ^^C-n.m.r. is a more precise and general 
method to monitor the formation of amylodextrin-V complexes than the 
method of observing precipitation of the complex, as it can indicate 
complex formation in the absence of precipitation, and is an easier 
method than X-ray crystallography. 
13 
A C-n.m.r. study of the effects of complexing agents (such as 
dimethyl sulfoxide) on methyl a-D-glucoside, methyl a-maltoside, and 
amylose-V complexes, reveal the mechanism of amylose-V complex forma­
tion. We attribute the amylodextrin-1ike shifts of the carbons of the 
reducing-end residue, and of carbon 1', to bond rotations not unlike 
those which occur in amylodextrin-V complex formation, and to decreased 
strain on the reducing-end pyranose ring resulting from interactions 
with the complexing agent. 
1 0 3  
ACKNOWLEDGMENTS 
I would like to express my deepest gratitude to Dr. John F. Robyt 
for his advice, guidance and encouragement, during my studies at Iowa 
State, especially after Dr. Dexter French's death in 1981. 
I am indebted to the late Dr. Dexter French, for his advice, sup­
port and instruction. 
I thank Dr. Herbert J. Fromm, Dr. James A. Olson, Dr. Elizabeth M. 
Osman and Dr. Homer W. Walker for serving on my committee. 
I thank Dr. Dee-Hua Huang for his advice and help in the n.m.r. 
studi es. 
I thank Dr. Alfred D. French, Dr. Jon B. Applequist, Dr. Malcolm A. 
Rougvie and Dr. B. K. Sathyanarayana for their interest and valuable 
suggestions during my work. 
I would like to express my sincere appreciation to Mrs. French and 
Mrs. Robyt for their kindly help and friendship during my years at Iowa 
State. 
I would like to express my sincere appreciation to the members of 
our research group, Steve Eklund, Paul Braun, Tom Binder, Art Miller, 
Lily Liu, Betty Young, Paula Martin, Dr. Greg Cote, Dr. John Zikopoulos, 
Dr. Jim Bolcsak, Dr. Keiji Kainuma, Dr. Shoichi Kobayashi and Dr. Helen 
Ashraf, for their encouragement, help and friendship; especially Steve 
Eklund for his help in preparing this and other manuscripts. 
Finally, I would like to express my deepest appreciation to my 
family, my parents, my sisters and brothers, for their love, support and 
encouragement. 
1 0 4  
REFERENCES 
1. H. H. Colin and G. de Chaubry, Ann. Phys. 48 (1814) 297-304. 
2. A. D. French and V. G. Murphy, Cereal Foods World 22 (1977) 61-70. 
3. R. E. Rundle and D. French, J. Am. Chem. Soc. 65 (1943) 1707-1710. 
4. Y. Yamashita, J. Polym. Sci. A, 3 (1955) 3251-3260. 
5. R. St. J. Manley, J. Polym. Sci. A, 2 (1964) 4503-4515. 
6. F. P. Booy, H. Chanzy, and A. Sarko, Biopolymers, 18 (1979) 2261--
2266. 
7. T. J. Schoch, Adv. Carbohydr. Chem. 1 (1945) 247-277. 
8. B. Zaslow, Biopolymers, 1 (1963) 165-169. 
9. Y. Yamashita and N. Mirai, J. Polym. Sci. A-2, 4 (1966) 161-171. 
10. K. Takeo and T. Kuge, Agric. Biol. Chem. 35 (1971) 537-542. 
11. Y. Yamashita and K. Monobe, J. Polym. Sci. A-2, 9 (1971) 1471-
1481. 
12. K. H. Meyer, M. Wertheim, and P. Bernfeld, Helv. Chim. Acta, 23 
(1940) 845-853. 
13. T. J. Schoch, Adv. Carbohydr. Chem. i (1945) 247-277. 
14. T. J. Schoch, J. Am. Chem. Soc. M (1942) 2957-2961. 
15. S. Lansky, M. Kooi, and T. J. Schoch, J. Am. Chem. Soc. 71_ (1949) 
4066-4075. 
16. D. French, A. 0. Pulley, and W. J. Whelan, Starke, (1963) 349-
354. 
17. T. Kuge and K. Takeo, Agric. Biol. Chem. 32 (1968) 1232-1238. 
18. F. L. Bates, D. French, and R. E. Rundle, J. Am. Chem. Soc. 6^ 
(1943) 142-148. 
19. G. A. Gilbert and J. V. R. Marriott, Trans. Faraday Soc. £4 (1948) 
84-93. 
1 0 5  
20. D. M. W. Anderson and C. T. Greenwood, J. Chem. Soc. (1955) 3016-
3023. 
21. J. A. Thoma and D. French, J. Phys. Chem. 6^ (1961) 1825-1828. 
22. W. Banks, C. T. Greenwood, and D. D. Muir, Starke, 23 (1971) 199-
201.  
23. D. French, in "Chemistry and Industry of Starch", 2nd ed. R. W. 
Kerr, Ed.; Academic Press: New York, 1950; pp. 157-178. 
24. K. D. Goebel and D. A. Brant, Macromolecules, 3 (1970) 634-643. 
25. C. V. Goebel, W. L. Dimpfl, and D. A. Brant, Macromolecules, 3 
(1970) 644-654. 
26. D. A. Brant and W. L. Dimpfl, Macromolecules, 3 (1970) 655-664. 
27. R. C. Jordan, D. A. Brant, and A. Casaro, Biopolymers, _17 (1978) 
2617. 
28. B. Pfannemuller and G. Ziegart, in "Solution Properties of Poly­
saccharides," ACS Symposium Series 150; American Chemical Society: 
Washington, D.C., 1981; pp. 529-548. 
29. W. Banks and C. T, Greenwood, "Starch and Its Components;" Edin­
burgh Univ. Press: Edinburgh, 1975; Chap. 4. 
30. J. Hollo and J. Szejtli, Starke, _1_0 (1958) 49-52. 
31. V. S. R. Rao and J. F. Foster, Biopolymers, i (1963) 527-544. 
32. v. S. R. Rao, P. R. Sundararajan, C. Ramakr1shnan, and G. N. 
Ramachandran, in "Conformation of Biopolymers" G. N. Ramachandran, 
Ed.; Academic Press: New York, 1967; pp. 721-737. 
33. J. F. Foster, in "Starch Chemistry and Industry", Vol. I, R. L. 
Whistler and E. F. Paschal 1, Ed.; Academic Press: New York, 1965; 
pp. 349-391. 
34. M. B. Senior and E. Hamori, Biopolymers, 12 (1973) 65-78. 
35. A. Hayashi, K. Kinoshita, and Y. ^iyake, Polym. J. 13 (1981) 537-
541. 
36. R. E. Rundle and F. C. Edwards, J. Am. Chem. Soc. ^  (1943) 2200-
2203. 
37. R. E. Rundle, J. Am. Chem. Soc. 69 (1947) 1769-1772. 
1 0 6  
38. T. L. Bluhm and P. Zugenmaier, Carbohydr. Res. 89 (1981) 1-10. 
39. B. Zaslow and R. L. Miller, J. Am. Chem. Soc. 83 (1961) 4378-4381. 
40. B. Zaslow, V. G. Murphy, and A. D. French, Biopolymers, 13 (1974) 
779-790. 
41. A. D. French and H. F. Zobel, Biopolymers, 5 (1967) 457-464. 
42. H. F. Zobel, A. D. French, and M. E. Hinkle, Biopolymers, ^  (1967) 
837-845. 
43. T. D. Simpson, F. R. Dintzis, and N. W. Taylor, Biopolymers, H. 
(1972) 2591-2600. 
44. W. T. Winter and A. Sarko, Biopolymers, 1_3 (1974) 1461-1482. 
45. F. E. Mikus, R. M. Hixon, and R. E. Rundle, J. Am. Chem. Soc. 68 
(1946) 1115-1123. 
46. P. V. Bulpin, E. J. Welsh, and E. R. Morris, Starch, 34 (1982) 
335-339. 
47. A. Sarko and A. Biloski, Carbohydr. Res. 79 (1980) 11-21. 
48. F. R. Senti and L. P. Witnauer, J. Am. Chem. Soc. 68 (1946) 2407-
2408. 
49. F. R. Senti and L. P. Witnauer, J. Am. Chem. Soc. 70 (1948) 1438-
1444. 
50. S. P. Moulik and S. Gupta, Carbohydr. Res. 112 (1983) 123-136. 
51. F. R. Senti and L. P. Witnauer, J. Polym. Sci. 9 (1952) 115-132. 
52. J. J. Jackobs, R. R. Buma, and B. Zaslow, Biopolymers, 6 (1968) 
1659-1670. 
53. T. Manda, H. Yajima, T. Ishii, and T. Nishimura, in "Solution 
Properties of Pclys2cch=ride2." ACS Symposium Series 150; American 
Chemical Society: Washington, D.C., 1981; pp. 455-474. 
54. S. A. Frangou, E. R. Morris, 0. A. Rees, and E. J. Welsh, Int. J. 
Biol. Macromol. 2 (1980) 178-180. 
55. T. Manda and H. Yajima, Biopolymers, ^  (1981) 2051-2072. 
56. T. Manda and H. Yajima, Biopolymers, 19 (1980) 723-740. 
1 0 7  
57. B. Pfannemuller, H. Mayerhofer, and R. C. Schulz, Biopolymers, 10 
(1971) 243-261. 
58. B. Pfannemuller and G. Ziegast, Int. J. Biol. Macromol. 4 (1982) 
9-17. 
59. B. Pfannemuller, H. Mayerhofer, and R. C. Schulz, Makromol. Chem. 
121 (1969) 147-158. 
60. J. M. Bailey and W. J. Whelan, J. Biol. Chem. 236 (1961) 969-973. 
61. J. Szejtli, S. Augustate, and M. Richter, Biopolymers, 5 (1967) 
17-26. 
62. F. W. Fales, Biopolymers, 19 (1980) 1535-1542. 
63. F. W. Schneider, C. L. Cronan, and S. K. Podder, J. Phys. Chem. 72 
(1968) 4563-4568. 
64. C. L. Cronan and F. W. Schneider, J. Phys. Chem. 73 (1969) 3990-
4004. 
65. E. Hamori and M. Kallay, Biopolymers, H. (1972) 475-482. 
66. J. A. Thoma and D. French, J. Am. Chem. Soc. 82 (1960) 4144-4147. 
67. B. Kuman and A. K. Beneyee, Ind. J. Chem. Soc. A, 17A (1979) 605-
606. 
68. S. P. Moulik and S. Gupta, Carbohydr. Res. 125 (1984) 340-342. 
69. G. Ziegast and B. Pfannemuller, Int. J. Biol. Macromol. 4 (1982) 
419-424. 
70. H. Kim, Biopolymers, 2A (1982) 2083-2096. 
71. M. B. Senior and E. Hamori, Biopolymers, 12 (1973) 65-78. 
72. H. Bittiger and E. Husemann, Kolloid-Zeitsch. Zeits. Polym. 232 
(1969) 661-668. 
73. C. T. Greenwood and H. Rossotti, J. Polym. Sci. ^  (1958) 481-488. 
74. H. Rossotti, J. Polym. Sci. 16 (1959) 557-558. 
75. A. Cesaro, W. Konic, and D. A. Brant, in "Solution Properties of 
Polysaccharides," ACS Symposium Series, 150; American Chemical 
Society: Washington, D.C., 1981; pp. 455-474. 
76. M. Noltemeyer and W. Sanger, Nature, 259 (1976) 629-632. 
1 0 8  
77. W. T, Smith, Jr., and G. T. Smith, Carbohydr. Res. 10 (1969) 598-
600.  
78. S, P. Moulik and S. Gupta, Carbohydr. Res. 8J_ (1980) 131-143. 
79. R. N. Haszeldine, J. Chem. Soc. (1954) 4145-4I5I. 
80. D. L. Glusker and H. W. Thompson, J. Chem. Soc. (1955) 471-479. 
81. 0. Hassel, Science, JJO (1970) 497-502. 
82. J. Holm, I. Bjorck, S. Ostrowska, A.-C. Eliasson, N.-G. Asp, K. 
Larsson, and I. Lundquest, Starch, 35 (1983) 294-297. 
83. K. Kainuma and D. French, Biopolymers, li (1972) 2241-2250. 
84. D. R. Kreger, Biochim. Biophys. Acta, 6 (1951) 406-425. 
85. J. Blackwell, A. Sarko, and R. H. Marchessault, J. Mol. Biol. 4^ 
(1969) 379-383. 
86. P. Zugenmaier and A. Sarko, Biopolymers, 15 (1976) 2121-2136. 
87. H.-C. H. Wu and A. Sarko, Carbohydr. Res. ^  (1977) C3-C6. 
88. A. Sarko and H.-C. H. Wu, Starch, 30 (1978) 73-78. 
89. D. French, in "Biochemistry of Carbohydrate," MTP Int. Rev. of 
Sci., Biochem. Ser. 1, W. J. Whelan, ed.; Butterworths: London, 
1975; Vol. 5, pp. 267-335. 
90. E. H. Fischer and E. A. Stein, Biochem. Preps. 8 (1961) 27-38. 
91. E. H. Fischer and P. Bernfeld, Helv. Chim. Acta, (1948) 1831-
1839. 
92. D. French, Bakers Digest, 3j. (1957) 24-36. 
93. J. H. Pazur, D. French, and D. W. Knapp, Proc. Iowa Acad. Sci. ^  
(1950) 203-209. 
94. J. F. Robyt, C. G. Chittenden, and C. T. Lee, Arch. Biochem. 
Biophys. (1971) 160-167. 
95. A. Loyter and M. Schramm, J. Biol. Chem., 241 (1966) 2611-2617. 
96. P. Cozzone and G. Marchis-liouren, FEES Lett. 9 (1970) 341-344. 
1 0 9  
97. G. Marchis-Mouren and L. Pasero, Biochim. Biophys. Acta, 140 
(1967) 366-368. 
98. P. Cozzone, L. Pasero, B. Beaupoi1, and G. Marchis-Mouren, Bio­
chimie, ^  (1971) 957-968. 
99. P. Cozzone and G. Marchis-Mouren, Biochim. Biophys. Acta, 257 
(1972) 222-229. 
100. B. Beaupoi1-Abadie, M. Raffalli, P. Cozzone, and G. Marchis-
Mouren, Biochim. Biophys. Acta, 297 (1973) 436-440. 
101. G. Pommier, P. Cozzone, and G. Marchis-Mouren, Biochim. Biophys. 
Acta, 3^ (1974) 71-83. 
102. M. Granger, B. Abadie, Y. Mazzei, and G. Marchis-Mouren, FEBS 
Lett. 50 (1975) 276-278. 
103. J. Rowe, J. Wakim, and J. Thoma, Anal. Biochem. 25 (1968) 206-220. 
104. J. F. Robyt and R. J. Ackerman, Arch. Biochem. Biophys. 155 (1973) 
445-451. 
105. E. H. Fischer, W. N. Summerwel1, J. Junge, and E. A. Stein, Proc. 
4th Int. Congr. Biochem. 8 (1958) 124. 
106. E. A. Stein and E. H. Fischer, Biochim. Biophys. Acta, ^  (1960) 
287-296. 
107. J. F. Robyt and D. French, Arch. Biochem. Biophys. 100 (1963) 451-
467. 
108. A. Levitzki and M. L. Steer, Eur. J. Biochem. ^  (1974) 171-180. 
109. M. Abdullah, 0. French, and J. F. Robyt, Arch. Biochem. Biophys. 
114 (1966) 595-598. 
110. J. F. Robyt and D. French, Arch. Biochem. Biophys. 122 (1967) 8-
16. 
111. J. F. Robyt and D. French, J. Biol. Chem. 245 (1970) 3917-3927. 
112. J. F. Robyt and D. French, Arch. Biochem. Biophys. 138 (1970) 662-
670. 
113. K. Kainuma and D. French, FEBS Lett. 5 (1969) 257-261. 
114. K. Kainuma and D. French, FEBS Lett. 6 (1970) 182-186. 
1 1 0  
115. A. S, Peri in and B. Casu, in "The Polysaccharides", G. 0-
Aspinall, Bd.; Academic Press: London, 1982; Vol. 1,'pp. 133-193. 
116. P. A. J. Gorin, Adv. Carbohydr. Chem. Biochem. 38 (1981) 13-104. 
117. A. S. Perl in and G. K. Hamer, in "Carbon-13 NMR in Polymer 
Science," ACS Symopsium Series 103; American Chemical Society: 
Washington, D.C., 1979; pp. 123-141. 
118. A. S. Perl in, in "Carbohydrate," MTP Int. Rev. of Sci., Org. Chem. 
Ser. 2, G. 0. Aspinall, ed.; Butterworths: London, 1976; Vol. 7, 
pp. 1-33. 
119. B. Casu, Carbohydr. Polym. 2 (1982) 247-253. 
120. D. E. Dorman and J. 0. Roberts, J. Am. Chem. Soc. 92. (1970) 1355-
1361. 
121. A. S. Perl in, B. Casu, and H. J. Koch, Can. J. Chem. 48 (1970) 
2596-2606. 
122. J. A. Schwarcz and A. S. Perl in. Can. J. Chem. ^  ( 1972) 3667-
3676. 
123. D. E. Dorman and J. D. Roberts, J. Am. Chem. Soc. 93 (1971) 4463-
4472. 
124. D. Doddrell and A. Allerhand, J. Am. Chem. Soc. 93 (1971) 2779-
2781. 
125. T. Usui, N. Yamaoka, K. Matsuda, K. Tuzimura, H. Sugiyama, and S. 
Seto, J. Chem. Soc. Perkin Trans. I, (1973) 2415-2432. 
126. P. Dais and A. S. Perl in, Carbohydr. Res. 107 (1982) 263-269. 
127. P. Colson, H. J. Jennings, and I. C. P. Smith, J. Am. Chem. Soc. 
% (1974) 8081-8087. 
128. R. L. Gelb, L. M. Schwartz, J. J. Bradshaw, and D. A. Laufer, 
Bioorg. Chem. 9 (1980) 299-304. 
129. R. I. Gelb, L. M. Schwartz, and D. A. Laufer, Bioorg. Chem. n_ 
(1982) 274-280. 
130. K. Takeo, K. Hirore, and T. Kuge, Chem. Lett. (1973) 1233-1236. 
131. M. St. Jacques, P. R. Sundararajan, K. J. Taylor, and R. H. 
Marchessault, J. Am. Chem. Soc. % (1976) 4386-4391. 
I l l  
132. H. FriehoJîn, N. Frank, G. Keilich, and E. Sîefert, Makromo!. 
Chem. 177 (1976) 865-868. 
133. D. Welti, D. A. Rees, and E. J. Welsh, Eur. J. Biochem. 94 (1979) 
505-514. 
134. L. 0. Hall and G. A. Morris, Carbohydr. Res. 32 (1980) 175-184. 
135. G. A. Morris and L. D. Hall, Can. J. Chem. M (1982) 2431-2441. 
135. K. Dill, M. E. Daman, R. L. Batstone-Cunningham, J. fi. Lacombe, 
and A. A. Pavîa, Carbohydr. Res. 123 (1983) 123-135. 
137. K. Dill, M. E. Daman, R. L. Batstone-Cunningham, M. Denarie, and 
A. A. Pavi-a, Carbohydr. Res. 124 (1983) 11-22. 
138. D. A. Torchia and J. Lyerla, Jr., Biopolymers, 13 (1974) 97-114. 
139. C. P. Rao, ^  Balaram, and C. N. R. Rao, Int. J. Biol. Macromol. 5 
(1983) 289-295. 
